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Biomedical imaging is the key technique and process to create informative images of the human
body or other organic structures for clinical purposes or medical science. Micro-electro-mechanical
systems (MEMS) technology has demonstrated enormous potential in biological imaging applications
due to its outstanding advantages of, for instance, miniaturization, high speed, higher resolution,
and convenience of batch fabrication. There are many advancements and breakthroughs developing in
the academic community, and there are a few challenges raised accordingly upon the designs, structures,
fabrication, integration, and applications of MEMS for all kinds of biomedical imaging. This Special
Issue of Micromachines, entitled “MEMS Technology for Biomedical Imaging Applications”, contains
13 papers (nine articles and four reviews) highlighting recent advances in the field of biomedical imaging
and covering broad topics from the key components to the applications of various imaging systems.

In the area of ultrasonic transducers, Brenner et al. reviewed the capacitive micromachined
transducers at all levels: Theory and modeling methods, fabrication technologies, system integration,
as well as imaging applications [1]. Future trends for capacitive micromachined ultrasonic transducers
and their impact within the broad field of biomedical imaging were also discussed. Work by Chen et al.
was aimed to provide a piezoelectric array to improve the acoustic field and spatial resolution in
medical ultrasonic imaging [2]. Photocurable resin and nano ceramic particles can be 3D-printed into
different concentric elements to consist annular piezoelectric arrays, which are capable of tuning the
focus zone and lateral resolution. The design, fabrication, and characterization of a tightly focused
high frequency needle-type ultrasonic transducer made by Co-doped Na0.5Bi4.5Ti4O15 ceramics was
demonstrated by Fei et al. [3]. Li et al. also presented tightly focused ultrasonic transducers, which
were designed using aluminum nitride thin film as piezoelectric element and using silicon lens for
focusing [4]. In addition, a custom designed integrated circuit combining a high frequency wideband
low noise amplifier with a common-source and common-gate structure was used to process the
ultrasonic medical echo signal with low noise figure, high gain, and good linearity.

This issue has two papers in the field of photoacoustic imaging. Lee et al. reviewed cutting-edge
MEMS technologies for photoacoustic imaging and summarizes the recent advances of scanning
mirrors and detectors [5]. Conventional silicon and water immersible scanning mirrors were introduced
respectively, followed by micromachined transducers, microring resonators, as well as silicon acoustic
delay lines and multiplexers. In the work of Qi et al., an optical resolution photoacoustic microscopy
system based on a MEMS scanning mirror was proposed [6]. The mirror was used to achieve raster
scanning of the excitation optical focus and the photoacoustic signal was detected by a flat transducer
in the system.

Two papers on microendoscopy are included in this issue. Qiu et al. presented a review
of the advancements of MEMS actuators for optical microendoscopy, including optical coherence
tomography, optical resolution photoacoustic microscopy, confocal, multiphoton, and fluorescence

Micromachines 2019, 10, 615; doi:10.3390/mi10090615 www.mdpi.com/journal/micromachines1
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wide-field microendoscopy [7]. The work of Yang et al. provided an ultra-thin single-fiber scanner that
was electromagnetically driven by a tilted microcoil on a polyimide capillary [8].

This issue also contains three papers in the field of optical microscopy and its key components.
Yang et al. reviewed the micro-optical components and their fabrication technologies, focusing on
waveguides, mirrors, and microlenses [9]. Further, they emphasized the development of optical
systems integrated with these components for in vitro and in vivo bioimaging, respectively. Wang et al.
presented an integrated two-dimensional mechanical scanning system using an electrostatic actuator
and a SU-8 rib waveguide with a large core cross section [10]. Work by Seo et al. demonstrated an
electrostatic MEMS micromirror for high definition and high frame rate Lissajous scanning [11].
The micromirror comprised a low Q-factor inner mirror and frame mirror, which provided
two-dimensional scanning at two similar resonant scanning frequencies with high mechanical stability.

Furthermore, Fawole et al. presented two techniques for monitoring the response of smart
hydrogels composed of synthetic organic materials that can be engineered to respond (swell or shrink,
change conductivity and optical properties) to specific chemicals, biomolecules, or external stimuli [12].
Either the perturbation of microwave field or the current-voltage characteristics of a field-effect
transistor was monitored to correlate the response of hydrogel to chemicals. Tian et al. proposed an
adaptive absolute ego-motion estimation method using wearable visual-inertial sensors for indoor
positioning [13]. They introduced a wearable visual-inertial device to estimate not only the camera
ego-motion, but also the 3D motion of the moving object in dynamic environments. This proposed
system has much potential to aid the visually impaired and blind people.

We would like to thank all the authors for submitting their papers to this Special Issue. We also thank
all the reviewers for dedicating their time and helping to ensure the quality of the submitted papers.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Bioimaging generally indicates imaging techniques that acquire biological information
from living forms. Among different imaging techniques, optical microscopy plays a predominant role
in observing tissues, cells and biomolecules. Along with the fast development of microtechnology,
developing miniaturized and integrated optical imaging systems has become essential to provide
new imaging solutions for point-of-care applications. In this review, we will introduce the basic
micro-optical components and their fabrication technologies first, and further emphasize the
development of integrated optical systems for in vitro and in vivo bioimaging, respectively. We will
conclude by giving our perspectives on micro-optical components for bioimaging applications in the
near future.

Keywords: micro-optics; bioimaging; microtechnology; microelectromechanical systems (MEMS);
in vitro; in vivo

1. Introduction

Nowadays, bioimaging has enabled us to dig out biological information from deep inside of
our bodies, and also revolutionized the way we understand, detect, and treat diseases in different
angles and dimensions. In the past couple of decades, the thriving of digital computing has paved
the way for a wide variety of imaging techniques, including ultrasound, computed tomography (CT),
magnetic resonance imaging (MRI), etc. [1]. Through different mediums other than light, these imaging
modalities can harvest spatiotemporal parameters from living organisms such as concentration, tissue
functionality, anatomical morphology. Modern clinics utilize these different imaging modalities
to acquire metabolic and anatomical information from a patient. Against lung tumors and bone
metastasis, CT has been extensively used given its short imaging time and high spatial resolution.
The co-registration of microCT imaging and volumetric decomposition has proven valuable to study
cell trafficking, tumor growth, trabecular bone microarchitecture, and response to therapy in vivo [2].
However, it is not often used in soft tissue scans since the X-ray absorption is rather low in soft tissue,
fat, neurons, hence yielding low resolution and inaccuracy in diagnosis [3]. As a complementary
method, MRI has its unique advantages in monitoring soft tissue abnormality, brain and neural
activity. Specifically, different research objects are most well-fitted correspond to distinctive modalities.
By functional MRI (fMRI), the metabolism of neural function can be revealed by mapping the contrast
variation in blood flow in response to specific stimulus [4]. Magnetic resonance spectroscopy (MRS)
has the ability to identify various biochemical markers of neoplasm in isolated voxels which are

Micromachines 2019, 10, 405; doi:10.3390/mi10060405 www.mdpi.com/journal/micromachines4
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three-dimensional pixels, and therefore has been successfully employed in regard to brain, breast, and
prostate cancer [5–7]. While the hazards of radiation and strong magnetic field are now well-controlled
in most medical contexts, ultrasound imaging proposes a substitute with low health risks. Using
acoustic pulses to reflect the contrast between different tissues and objects, ultrasound imaging has had
a tremendous impact in hemodynamics and inflammatory study in the past decade [8]. Recent novel
use of microbubbles or nanoparticles as indicators has allowed ultrasound to monitor and regulate on
molecular level [9,10].

Besides these imaging techniques, as researchers further acquire enhanced resolution in both
clinical and experimental imaging applications, optical microscopy plays a predominant role in
observing tissues, cells and biomolecules, as this visualization technique has been able to literally and
figuratively illuminate the inner workings of cells, for example by using fluorescent probes to light up
proteins and subcellular structures. Leveraging the characteristic emissions of biological fluorophores,
optical imaging technique is possible to gain insights on cell structures and functions [11]. Moreover,
since the emission diffraction barrier, i.e., the conventional resolution limit, can be overcome by
stimulated emission depletion (STED) microscopy etc., researchers can now image fluorophore-labelled
systems with a resolution of 15 nm, i.e., 3000 times smaller than the width of a single human hair [12–14].

Along with the fast development of microtechnology, there is an intensive demand on developing
miniaturized and integrated optical imaging systems. Over the last decade, a fast-growing interest was
notice for developing microdevices that integrate one or several optical functionalities/components
onto a single chip with size being of only millimeter-size up to a few square centimeters in size [15].
These optical microdevices have shown great potential on imaging living organisms, tissues, cells,
as well as subcellular structures, both in vivo and in vitro. The in vivo imaging is usually achieved
by integrating such microdevices into imaging instruments, e.g., endoscopy and optical coherence
tomography (OCT) instruments. While the in vitro imaging can be performed by using microfluidic
devices, the latter can provide prominent advantages on sample pre-treatment and handling. In these
review, we focus on recent developments in the realization and use of micro-optical components
for bioimaging applications. Typical micro-optical components used in bioimaging instruments are
introduced at first, enabling us to sketch a blueprint of today’s integrated imaging systems. Different
technologies for the fabrication of micro-optical components are demonstrated. We further present
the integration of these micro-optical components with instruments or devices for in vitro and in vivo
bioimaging, respectively. We will conclude by giving our perspective on bioimaging with micro-optical
components, especially on how this technology will impact modern biological/clinical study. We hope
the review provides the reader with some orientation in the field and enables selecting platforms with
appropriate characteristics for his/her application-specific requirement.

2. Micro-optical Components

Based on basic optical principles, one can classify micro-optical components into (i) refractive
optical components that rely on the change of the refractive index at an interface, such as lenses,
prisms and mirrors, (ii) diffractive optical structures that enable shaping of an optical beam by
diffractive/interference effects, such as diffraction gratings, and (iii) hybrid (refractive/diffractive)
structures. Refractive and diffractive optical components share many similarities when they are used
to manipulate monochromatic light but their response to broadband light is very different. For a
material with normal dispersion, refractive lenses have larger focal distances for red light than for
blue light and prisms deflect longer wavelengths by a smaller angle; the contrary occurs for diffractive
lenses and gratings. This contrasting behavior arises because two different principles are used to shape
the light: refractive optics relies on the phase that is gradually accumulated through propagation,
while diffractive optics operates by means of interference of light transmitted through an amplitude or
phase mask. The decision to use diffractive or refractive optics for a specific optical problem depends
on many parameters, e.g., the spectrum of the light source, the aimed optical application (beam
shaping, imaging, etc.), the efficiency required, the acceptable straylight, etc. Arbitrary wavefronts
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can be generated very accurately by diffractive optics. A drawback for many applications is the
strong wavelength-dependence. Diffractive optics is therefore mostly used with laser light and
for non-conventional imaging tasks, like beam shaping, diffusers, filters and detectors. Refractive
optical elements have in general higher efficiency and less stray light, even though in some cases it
is more difficult to make refractive lenses with precise focal lengths or aspheric shapes. Moreover,
for broadband applications, diffractive optical elements (DOEs) can be combined with refractive
optics to correct for the chromatic aberration. This combination allows systems with low weight or
which consist of only one material. In this section, we introduce in the following the most commonly
used micro-optical components in bioimaging systems, categorized by their functionalities, including
waveguides, mirrors and lenses.

2.1. Waveguides

An optical waveguide is a physical structure that transmits light along its axis, which is generally
composed of a core with a cladding part. A planar optical waveguide is fabricated in a flat format and
is particularly interesting to integrate into an imaging system. Recent research works have shown the
great potential of optical waveguides in photonic integrated circuits based on high refractive index
contrast (HIC) between the core and the cladding. Spiral waveguide geometries in HIC waveguides
can be used to significantly increase the interaction length between the sample and the evanescent field
of the waveguide [16], opening opportunities to develop, e.g., chip-based nanoscopy [17] and on-chip
OCT [18]. Due to its suitable material properties and the compatibility of its fabrication process with
standard complementary metal–oxide–semiconductor (CMOS) fabrication line, silicon nitride (Si3N4)
has attracted the maximum attention. The suitable material property of Si3N4 includes transparency in
visible wavelength, low absorption and high refractive index contrast to the cladding layer (typically
SiO2). Being transparent with low auto-fluorescence and low absorption in the visible range makes
Si3N4 compatible with fluorescence techniques for bioimaging.

Tinguely et al. presented the usage of a Si3N4 waveguide platform for integrated optical microscopy
for in vitro bioimaging applications [19]. A SiO2 layer was first grown thermally on a silicon chip,
followed by the deposition of Si3N4 layer using low-pressure chemical vapor deposition (LPCVD).
Standard photolithography was employed to define the waveguide geometry using photoresist, and
reactive ion etching (RIE) used to fabricate a waveguide rib of given height. The remaining photoresist
was removed, and finally a top cladding layer was deposited by plasma-enhanced chemical vapor
deposition (LPCVD). This low-loss Si3N4 waveguide platform was used to set up an evanescent field
for total internal reflection fluorescence (TIRF) microscopy. The sample placed directly on top of the
chip was illuminated by the evanescent field of the optical waveguide (Figure 1). In such waveguide
chip-based microscopy, the illumination and collection light paths can be efficiently decoupled,
opening several opportunities for bioimaging, e.g., on living cells [19] and on single molecules with
super-resolution capability [17]. Besides, as the evanescent field is generated along the entire length of
the waveguide, a low magnification objective lens can be employed to acquire TIRF images over a
large field-of-view of even millimeter range. Moreover, as the evanescent field decays exponentially
at the interface between the biological sample and the waveguide, only a thin, typically 100–200 nm
section away from the surface can be illuminated, providing a high signal-to-noise ratio by reducing
the background signal.
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Figure 1. Schematic of the waveguide platform: (a) Channel-like waveguide geometries are realized by
etching the SiO2 slab waveguide either partially or completely; (b) Light guided inside the waveguide
is the source of the evanescent field illuminating samples on top of the surface; (c) The optical set-up.
(Reproduced with permission [17], Copyright 2017, Nature Publishing Group).

2.2. Mirrors

The effectiveness of microelectromechanical systems (MEMS) in biomedical imaging has been
demonstrated in many research findings, where micromirrors used for beam deflection and shaping
are one of the core components [20,21]. Commercially available deformable micromirrors that
employ MEMS technology are now a common method of reducing astigmatisms and aberrations,
increasing the resolution of the imaging system [22]. Micromirrors capable of dynamic focus as well
as two-dimensional (2D) scanning have been fully integrated [21]. Such devices rely on electrostatic
actuation for both focus and beam deflection. Imaging systems integrated with micromirrors can
either work by scanning the micromirror in the form of a raster, or by using a Lissajous scan format.
The raster scan uses a fast axis and perpendicular slow axis simultaneously to form a uniform projection
area, while the Lissajous scan is performed by exciting a bi-directional mirror at resonance along two
perpendicular axes. Comparing this two techniques, the Lissajous scan method is more prominent
in imaging applications as such method can provide high-resolution images, but this method also
requires more computational power [23].

As an example, Morrison et al. presented a MEMS micromirror using electrothermal actuation [24].
In this work, the fabrication process included three highly doped polysilicon layers, two sacrificial
oxide layers, and a gold layer patterned using optical lithography. Residual compressive stresses in
the polysilicon layer that were combined with residual tensile stresses in the gold layer due to the
fabrication process provided a stress gradient along the boundary of the gold and polysilicon layers.
Upon release, an initial curvature can be generated because of a bending strain due to the stress
in the bimorph structures. The difference in coefficient of thermal expansion of the two layers can
provide actuation, providing a temperature dependent curvature (Figure 2). Janak et al. proposed
developing and integrating a three-dimensional (3D) micromirror for large deflection scanning in
in vivo OCT [25]. A two-axes scanning micromirror was fabricated by using high-aspect-ratio deep
reactive ion etching (DRIE) process instead of anisotropic etching of silicon in aqueous solution of
potassium hydroxide (KOH), highly reducing the dead space on the chip and achieving a high-degree
of integration. The micromirror was used to steer the scattered light from the tissue, and the steered
signal was combined with a reference light beam at an optical coupler to produce interference patterns,
which were collected at a detector to produce 2D cross-sectional image of the tissue structures.
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Figure 2. Pictures of a microelectromechanical systems (MEMS) micromirror using electrothermal
actuation: (a) Scanning electron microscope (SEM) image of the micromirror device; (b) Illustration of
bimorph layers before and after oxide etch and reduced curvature due to heating. (Reproduced with
permission [24], Copyright 2015, Optical Society of America).

2.3. Lenses

The rapid growth of micro-opto-electro-mechanical systems (MOEMS or Optical MEMS) has
attracted great interest in the field of microchip-based biophotonics for bio-sensing and high-resolution
bioimaging [26]. One of the most important components in many optical micro-devices is a microlens,
which can be integrated with emitters and detectors to improve the optical efficiency. In order to
obtain high quality images for the application of some related fields in bio- and opto-electronics,
high light focusing efficiency or high numerical aperture (NA) of the microlenses should be achieved.
These two parameters are related to the geometry, particularly the curvature, of the microlenses.
To date, many different fabrication technologies have been used for microlens fabrication, such as the
photoresist reflow technique [27], photo- polymerization [28], LIGA (Lithographie, Galvanoformung,
and Abformung, i.e., Lithography, Electroplating, and Molding) process [29], ink-jet printing [30],
direct laser printing [31], and so on.

Although these methods are able to fabricate microlenses, they have drawbacks that result from
the multiple process steps that are quite complex and sophisticated. Therefore, it is necessary to
introduce a more efficient technique that allows easy variation in terms of the microlens curvature
in order to obtain high numerical apertures, which result in increasing image quality in bioimaging
systems. It has been demonstrated that dielectric microspheres can be used as solid immersion
microlenses to explore the possibility of super-resolution capability in recent years. Wang et al. used
silica microspheres with diameter ~2–9 μm for super-resolution imaging in the far field by generating
a magnified virtual image underneath the specimen [32]. Later, microspheres with high refractive
index (e.g., barium titanate glass) have been also used in optical nanoscopy [33–35]. In these works,
the microspheres were simply placed on top of the sample object, where they collected the underlying
sample’s near-field nano-features and subsequently transformed the near-field evanescent waves
into far-field propagating waves, creating a magnified image in the far-field, which is collected by
a conventional optical microscope (shown in Figure 3). The super-resolution capability (imaging
beyond the classical diffraction limit) of the microspheres, resulting from the enhanced optical field in
the near field and the "photonic nanojet" phenomenon [35], has already been verified in bioimaging
applications, such as molecular and subcellular structural characterizations [36,37].
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Figure 3. Microsphere lens used for super-resolution imaging: (a) A microsphere is positioned on a
grating structure and illuminated from the front, the light reflected by the grating allows detecting
a magnified image. When the distance h between the microsphere and the grating is small enough
(of order of the illumination wavelength λ), the near-field evanescent wave carrying the fine details of
the grating can become propagating in the high refractive index sphere, and later in the medium where
it is to be collected by the microscope objective; (b,c) Optical microscopy images obtained by positioning
a 9.9 μm microsphere on the grating. The image of (b) is focused on the microsphere’s center plane,
and the corresponding image (c) is focused on the image plane. (Reproduced with permission [35],
Copyright 2016, American Chemical Society).

3. Fabrication Technologies of Micro-optical Components

Fabrication of micro-optical devices mainly relied on techniques transferred from the conventional
two-dimensional (2D) integrated circuit (IC) and two- or three-dimensional (3D) MEMS processes.
Semiconductor fabrication has been adopted to create several types of structures on chips, including
waveguides, photonic circuits, and lenses. This includes photolithography, thin film deposition, and
chemical etching. Silicon-, glass-, glass-silicon-, glass-polymer-based fabrication techniques were widely
studied. However, silicon and glass are hampered from wider applications in micro-optics, because
they possess micromachining difficulties and are relatively expensive; moreover, an inconvenience of
silicon is the lack of optical transparency at ultraviolet (UV), visible and near-infrared (IR) wavelengths.
Tremendous effort has been made to find alternative materials that are more cost-effective and easier
machinable. With the development of related fabrication techniques, polymer/plastic-based devices
have therefore gained increasing interest. Compared with silicon and glasses, polymer materials
can avoid high-temperature annealing and stringent cleaning (if they are disposable), they are more
cost-effective, easier in microfabrication, and there exists a wider range of materials to be chosen
for characteristics that are required for each specific application, such as good optical transparency,
biocompatibility, and chemical or mechanical properties. However, polymer materials usually do not
result in strongly bonded layers like glass or silicon, and can exhibit structural deformation during
device packaging processes. Each material has therefore both its advantages and disadvantages, and
the choice of it will depend on the specific application. New technologies have also been developed in
the meanwhile. This section reviews current fabrication methodologies to make optical structures on a
chip, focusing on integrated waveguides, micromirrors and microlenses.

3.1. Technologies for Waveguide Fabrication

Waveguides that are integrated on-chip can be categorized as based on two working principles,
namely total internal reflection (TIR) and interference. TIR-based waveguides require that the refractive
index of the core nc of the waveguide is bigger than that of the cladding ns. Interference-based
waveguides are conceptually different. In these structures, light is multiple times reflected from a
periodic dielectric cladding layer by wave interference, therefore, they do not require a cladding material
with a lower index than that of the core material [15]. Integrated waveguides can be constructed using
a variety of micromachining procedures.
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Common processes include lithographic patterning, thin-film deposition, and etching, these
techniques can be used to fabricate a ridged waveguide, i.e., a solid-core waveguide. Usually, a thin
layer of the core material is deposited on a planar substrate first. The substrate is coated with photoresist,
the latter is then exposed to UV light or X-rays through a lithography mask that defines the waveguide
shape, and developed to form a pattern on the surface of the substrate. With the remaining photoresist
as a mask for either wet-chemical or dry etching to define the ridge waveguide structures. Dry etching
methods, for example ion-beam etching, produce smooth edges, particularly on curved sections, but
it also causes some lattice damage, which must be removed by annealing if minimum optical losses
are desired. Wet chemical etching on the other hand produces less lattice damage, but it is very
difficult to control the etch depth and profile. Most chemical etchants are preferential regarding crystal
orientation, thus leading to ragged edges on curved sections of waveguides when using Si substrates.
After the photolithography and etching procedures to process the core, a cladding layer is deposited.
As an example, silicon oxynitride waveguides were fabricated in a standard silicon fabrication line by
PECVD and LPCVD deposition processes in combination with 1100 ◦C annealing treatments to remove
light-absorbing hydrogen bonds; and optical lithography for pattern definition and dry RIE for the
pattern transfer process [38]. As shown in Figure 4, a 2 μm thick SiO2 buffer layer (n = 1.45) and a 1 μm
thick SiOxNy core layer (n = 1.85) were both deposited by LPCVD; a ∼ 0.5 μm thick borophosphosilicate
glass (BPSG) layer (n = 1.45) was grown by LPCVD in order to optimize the surface planarity after RIE.
Finally, the whole system was coated with a thin SiNx film (50 nm of thickness). This waveguide system
was applied to detect low surface concentration (10−11 mol·cm−2) of a green light-emitting organic dye.

 
Figure 4. Fabrication procedure of silicon oxynitride waveguides: (a) Optical image of the top view
of the waveguide; (b,c) Schematic cross-sections of the waveguide structure before (b) and at the
bioreactor well (c). (Reproduced with permission [38], Copyright 2014, Institute of Physics).

Focused-beam direct writing can also be used to define a solid-core waveguide, rather than using
lithography and etching. Either electron beam or proton beam can work, the former was used to densify
doped silica on a silicon substrate for fabricating a silica waveguide on a chip [39], and the latter was
used to selectively slow down the rate of porous silicon formation during subsequent anodization [40].
When the doped silica was exposed to the electron beam, an appropriate change in the refractive index
was generated, and the surface kept planar and was suitable for further integration, without the need
for cladding layers [39]. The proton bombardment reduced the free-carrier density and increased
the local resistivity of the material. During the subsequent electrochemical etching process, these
defects acted as traps for holes and thereby avoided their migration to the silicon/electrolyte surface,
reducing the rate of porous silicon formation in the exposed regions. This method generated a silicon
core surrounded by a region of porous silicon that has a lower index of refraction [40]. Besides the
solid-state waveguides, liquid medium can also be used as the core material of the waveguide. Many
different formats of the liquid-core waveguide have been proposed, however, their applications in
integrated bioimaging system are still limited and mainly stay in the research phase.
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3.2. Technologies for Micromirror Fabrication

MOEMS (micro-optical-electro-mechanical-systems) are one of promising techniques for developing
optical switching connection devices [41]. A micromachined mirror is well known to be an optical key
component. The advantages of using an optical micromirror include its low sensitivity to polarization
and functionality in broadband optical applications. The micromirrors have been widely used in
optical communication, for example, in optical scanners, projection display systems, variable optical
attenuators, and other specific applications.

Prior works on micromirror fabrication have shown the feasibility of bulk or surface micromachining
techniques, through silicon deep etching or using expensive silicon-on-insulator (SOI) wafers [42].
However, issues considered in the literature include high process complexity, high operation voltage
or power consumption, etc. The standard CMOS process offers good opportunities for creating much
smaller devices and more intelligent optical cross-connect devices with driving circuits on the same
chip, based on a micromirror switch array, for optical telecommunication, steering light beams and
communication applications. In such devices, the micromirrors are usually electrostatically actuated
with a planar bottom drive that can steer a light beam in a continuous and controllable fashion [43].
Yoo et al. proposed an electrostatically actuated torsional micromirror [44]. The micromirror membrane
was suspended by a pair of torsional springs, and an aluminum film, deposited by thermal evaporation,
was used as a reflective material on the micromirror. A buried oxide (BOX) played the role of an
insulating layer with a thickness of 1 μm and amorphous silicon was deposited on a glass substrate
as the material for the electrodes, electrical lines and grounding shields. Figure 5 illustrates the two
individually processed wafers of the micromirror, i.e., a bottom wafer with the addressing electrodes
and a top wafer with the micromirror. Usually, the electrostatically actuated micromirror has a high fill
factor, i.e., the ratio of the active reflecting micromirror area to the device area. Due to the high fill
factor of the electrostatic micromirror, the discrete structure can be easily expanded to an array system
without changing the basic device operating principles and its manufacturing process, such as the
micromirror array based on the bending actuation of interdigitated cantilevers that was proposed by
Kim et al. [45].

Figure 5. Schematic of a micromirror: (a) The electrodes on the glass substrate; (b) The micromirror
structure; (c) Cross-section view of the device and its deep reactive-ion etching (DRIE) process.
(Reproduced with permission [44], Copyright 2009, Institute of Physics).

Besides the torsional micromirrors, a simple format with a 45◦ or an angular facet can be used
as vertical optical interconnecting structure. These structures are relatively easy to fabricate, and
their performances are generally acceptable. Performances of the devices using curved-shape mirrors
are known better than the flat mirror devices, but curved mirrors are hard to fabricate. A variety
of fabrication techniques have been utilized, such as excimer laser ablation, use of V-shaped 90◦
diamond blades to create a 45◦ cut, anisotropic etching of (100) silicon in potassium hydroxide solutions,
modified reactive ion etch techniques relying on angular bombardment of ions, and so on [46]. Lee et al.
proposed using silicon deep etch process and photoresist reflow process to fabricate a silicon structure

11



Micromachines 2019, 10, 405

which has curved structures that made of reflowed photoresist [47]. The fabricated structure can be
used as a master structure for subsequent embossing process to produce a 12-channel waveguide device
with curved-shape micromirror for vertical optical interconnection. Koh et al. presented a right-angle
micromirror integrated into a polydimethylsiloxane (PDMS) microfluidic device for measurement of
particles [48]. The micromirror with precise 45◦ reflection angle was fabricated using conventional
microfabrication techniques including wet etch and soft lithography. A 90◦ V-groove was generated on
a (100) silicon wafer by anisotropic etching first. After two steps of PDMS replication, commercial
UV photopolymer was filled in the V-grooved PDMS channels and cured, followed by a metal layer
deposition step on the hypotenuse of the polymer micromirror (as shown in Figure 6).

Figure 6. Micromirror fabrication process: (a) Line patterns with 45◦ alignment to (110) wafer flat were
formed on a SiN wafer. Anisotropic Si etch leads to cross-section of right angle isosceles triangle. RIE
etch of remaining SiN gives final Si master mold; (b) Polydimethylsiloxane (PDMS) microchannels
were made by two step replica molding from the Si master mold. UV curable photopolymer was filled
and cured in the micro- channels. The released structure was coated with aluminum using sputtering.
(Reproduced with permission [48], Copyright 2014, American Institute of Physics).

3.3. Technologies for Microlens Fabrication

A microlens is an important key component for focusing and collimating light. It can be made up
as a solid curved surface or as a tunable interface between two deformable materials/media. On-chip
hard solid-state lenses usually are fixed-focus lenses, similar to miniaturized traditional lenses that
are used in a free-space detection system. Different methods have been developed for building
solid microlenses, including photoresist thermal reflow, direct writing, soft replica molding, ink-jet
printing, etc.

Thermal reflow processes have been widely used for the fabrication of large arrays of hemispherical
microlenses. In this technique, a glass substrate is first coated with a layer of photoresist. Photolithography
technique is then used to pattern the photoresist layer and generate a series of cylindrical islands, which
are heated above the glass transition temperature of the photoresist. Due to surface tension, the shape of
the photoresist cylinders changes to minimize the surface energy and becomes hemispherical, therefore
generating a microlens array on the substrate. As the surface tension governs the contact angle of the
photoresist and the shape of the microlens eventually, a thin layer of additives can be deposited on the
substrate to influence the surface tension between the substrate and the photoresist, tuning the focal
length and numerical aperture of the fabricated lenses. Yang et al. utilized a bottom polyimide layer to
form a pedestal to sustain the upper photoresist lens after the heat reflow process [49]. The interactive
force between two material interfaces causes the upper photoresist to form a spherical profile and
transform the polyimide pedestal into a trapezoid with arc sides (as shown in Figure 7a). Advantages of
the thermal reflow technique include a low material consumption, low manufacturing costs, the intrinsic
simplicity of the technique, and an easy process control. Microlens arrays can be produced over large
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surface areas. However, the low transparency and thermal instability of photoresist features during the
reflow process limit its widespread application [15].

Another widely used technique to fabricate microlens is direct writing, including electron beam
lithography [50], direct laser writing [51], focused ion beam writing [52], and laser ablation [53].
With the direct writing technique, the material is exposed and processed in a way that the local
thickness of the material is a continuous and preferably linear function of the energy deposited by the
beam. The major advantage of this technique is its potential to fabricate microlenses with characteristics
that can be tailored for every lens individually. Typically, electron beam lithography and direct laser
writing methods correlate the surface profile data of the desired microlens to the beam intensity values,
the latter being synchronously modulated to write a continuous pattern in the material to generate a
microlens (as shown in Figure 7b). Alternatively, focused ion beam writing and laser ablation methods
rely on the principle of precision removal of substrate materials. The depth of cut is controlled by the
dwell time at each step and the number of times that the area is scanned.

 
Figure 7. Fabrication methods for microlenses: (a) Illustration of a micro-ball lens formation in
the thermal reflow process. A polyimide layer is coated on a Si wafer beneath a photoresist layer.
Photolithography process is used to pattern these two materials through a mask. Micro-ball lens array
with a pedestal can be generated after heat reflow; (b) Schematic diagrams of direct laser writing
to form a super-oscillatory lens. ((a) Reproduced with permission [49], Copyright 2004, Institute of
Physics; (b) Reproduced with permission [51], Copyright 2018, Royal Society of Chemistry).

Besides, micromolding methods, such as compression molding, injection molding and soft replica
molding, are most suitable for low-cost mass-production. Compression molding, including hot
embossing, is a simple process with relatively low initial cost to replicate microlenses. The final height
and radius of curvature of hot-embossed microlenses are determined by the combination of processing
parameters, such as pressure, temperature and time. In the injection molding, sub-micron features
in the mold are difficult to be filled because the solidified layer or solidified shell in a glassy state
has very high viscosity. Therefore, the surface temperature of the mold can be maintained above
the glass transition temperature of the polymer and then the micro/nanopatterns in the mold can be
fully filled [54]. One can also use UV polymerization of a polymer in the mold. Soft replica molding
based on soft lithography technology is widely used in molding PDMS and UV-curable materials
and suitable to duplicate 3D topography in a single step. Convex and concave PDMS molds which
define the microlens geometry can be fabricated first. Then both concave and convex microlenses can
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be fabricated by casting the polymeric liquid, for example polymethyl methacrylate (PMMA), in the
corresponding convex and concave molds, respectively.

4. Micro-optics Integrated within Bioimaging Systems

This section will review the main applications of micro-optical components for bioimaging on tissues,
cells and subcellular structures. We will consecutively discuss in vitro and in vivo imaging applications.

4.1. Micro-optical Components for in vitro Bioimaging

Recent advances in photonics and imaging techniques offer new possibilities for optical imaging
systems and sensor devices for fundamental studies and future biomedical applications. Ongoing
developments suggest that an impressive diversity of biological and medical questions can be
answered using optical microscopy. Advanced optical techniques have been proposed for achieving
high-resolution imaging of sample of interest. For example, multi-photon microscopes can investigate
cortical micro-architecture in animals’ brain with single cell resolution [55]. Also in regard to detecting
levels of the tumor suppressing protein p53 in cells, fluorescence microscopy has been used to
image cancerous tissues that were stained by specially designed oncolytic adenoviruses, the latter
being programmed to replicate if the cellular p53 level is low [56,57]. However, these techniques
are frequently accompanied by the need for high-end, bulky and expensive optical set-ups that are
rather cumbersome to operate and to maintain, especially for untrained users. Such drawbacks
have motivated researchers to minimize and integrate optical components in imaging systems for in
situ analysis and observation of bio-samples under in vitro environment. MOEMS or Optical MEMS
technology has recently demonstrated a strong potential in biomedical imaging applications due to its
outstanding advantages including, for instance, low cost, high operating frequency and convenience
of batch fabrication.

Integrating micro-optical components with optical imaging setups for in vitro observation and
analysis has been demonstrated by many researchers. Here, we will review several works as examples,
showing the capability and potential of the miniaturized optical components. Diekmann et al.
demonstrated the use of a waveguide-integrated optical chip, which hosts the biological sample and
utilizes the waveguide as the illumination source, and a standard low-cost microscope to acquire
super-resolved images of single molecules via two different approaches [17]. The waveguides composed
of a material with high refractive-index contrast can provide a strong evanescent field that is used
for single-molecule switching and fluorescence excitation, thus enabling chip-based single-molecule
localization microscopy. Additionally, multimode interference patterns can induce spatial fluorescence
intensity variations that enable fluctuation-based super-resolution imaging [17]. The waveguides
on the chip are used for total-internal-reflection fluorescence excitation, and the detection signal are
collected and recorded by conventional optical microscope. By achieving visualization of fenestrations
in liver sinusoidal endothelial cells with feature size smaller than the diffraction limit, the setup shows
its great potential on upgrading standard optical microscopes to super-resolution microscopic tools [17].
Yokokawa et al. reported a micro-device that is equipped with an optical fiber, a microlens and a
micro-prism for in situ observation and analysis of cells [58]. The optical components were used to
compose a TIR-based chip to perform TIR fluorescence microscopy on adherent cells. The cells were
cultured under continuous medium perfusion in a microfluidic channel that is located on top of the
TIR-based chip (Figure 8a,b). The device was evaluated by monitoring the location of insulin granules
in mouse pancreatic cells. The system allowed a higher imaging signal-to-noise ratio than obtained
with epifluorescence microscopy.

Advanced microelectronics and emerging computational microscopy techniques have provided
another scheme to bypass various limitations of conventional optical microscopy. Typically, bioimaging
is performed at the microscopic scale and this usually requires lenses integrated in a microscopic
system. Conventional optical microscope can be downsized to a portable device by utilizing commercial
electronic devices. Breslauer et al. developed a microscope attachment for cell-phones that is capable of
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both bright-field and fluorescent imaging [59]. This microscope utilizes trans-illumination configuration
with standard microscope eyepieces and objectives; magnification and resolution can be adjusted using
different objectives. This cellphone microscope shows promising results for clinical use by imaging
P. falciparum-infected and sickled red blood cells in bright-field mode, and M. tuberculosis-infected
sputum samples in fluorescent mode with light-emitting diode (LED) excitation. Furthermore, lens-free
imaging has matured as a modality competitive with traditional lens-based microscopy. By placing
an image sensor (CMOS/CCD) beneath a biological sample and using it to record light transmission
pixel by pixel, a diffraction pattern resulting from the sample is recorded directly on the image sensor
without being optically imaged or magnified by any lens elements, traditional lens components in a
microscopic system can be abandoned [60]. Such lens-free (or lensless) scheme shows great flexibility
on the integration format, and offers great possibilities to provide a compact and non-diffraction-limited
imaging technique with large field-of-view, of the same size as the sensor size and a numerical aperture
close to 1, since the large-area detector is placed very close to the sample. In the last decade, multiple
lens-free on-chip microscope modus have been proposed to perform imaging on microorganisms [61] and
cells [62] etc., showing exciting breakthroughs in point-of-care applications. Yang’s group demonstrated
an optofluidic microscope (OFM) for lens-free contact imaging on Caenorhabditis elegans [61]. The OFM
mobilizes the specimen along a microfluidic channel by laminar flow, and the channel is positioned
directly over the image sensor. A tilted array of metallic apertures is patterned directly over the image
sensor. Each aperture is carefully positioned at the center of a pixel of the image sensor, so that shadows
of the specimens can be sampled by these sub-micron apertures as they flow along the microfluidic
channel. By using OFM, automated phenotype characterization of different Caenorhabditis elegans
mutant strains, as well as imaging of spores and single cellular entities, have been demonstrated [61].
The same group later on presented the implementation of color OFM prototypes color imaging of red
blood cells infected with Plasmodium falciparum, a particularly harmful type of malaria parasites and
one of the major causes of death in the developing world [62]. Ozcan’s research group has developed
different lens-free holographic imaging platforms for on-chip cytometry and diagnostics, with either
fluorescent imaging format [63] or shadow imaging format [64]. Zhu et al. demonstrated a compact
platform that integrated imaging cytometry and fluorescent microscopy and could be attached to a cell
phone [65]. The resulting device could be used to rapidly image bodily fluids for cell counts or cell
analysis (Figure 8c). Wei et al. proposed using gold and silver nanobeads as specific labels to identify
and count the number of CD4 and CD8 cells in a cell suspension [66]. CD4 and CD8 cells are specific
types of T lymphocytes, and their relative populations are important for evaluating the stage of human
immunodeficiency virus (HIV) infection or acquired immune deficiency syndrome (AIDS), as well as
for evaluating the efficacy of antiretroviral treatment. Counting the relative populations of these cells
can be challenging, however, because the only significant difference between these cells is in the types
of proteins expressed on their membranes. Under a conventional optical microscope, both types of cells
look virtually identical. However, by using gold nanoparticles functionalized with anti-CD4 antibodies
to label CD4 cells and silver nanoparticles functionalized with anti-CD8 to label CD8 cells, the different
spectral response of the labelled cells can be used to discriminate these two types of cells with greater
than 95% accuracy using a machine learning algorithm.
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Figure 8. Microsystems used for in vitro imaging: (a) Schematic of a microdevice that is equipped with
an optical fiber, a microlens and a micro-prism; (b) The integrated device for in situ observation and
analysis of cells; (c) Schematic of an optofluidic device used for fluorescent imaging cytometry on a
cellphone, the insert is a picture of the setup. ((a,b) Reproduced with permission [58], Copyright 2012,
Springer; (c) Reproduced with permission [65], Copyright 2011, American Chemical Society).

4.2. Micro-optical Components for in vivo Bioimaging

In vitro imaging of biological samples remains as one of the main tools for diagnosis of disease.
However, it typically requires invasive sample collection (e.g., biopsy) steps as well as time consuming
sample preparation protocols (e.g., fixation and staining) [67]. On the other hand, in vivo optical imaging
techniques enable real-time visualization and might provide accurate information for diagnostics,
making them highly desirable for diagnostics. In this section, we will briefly review two main in vivo
optical imaging techniques, i.e., microendoscopy and OCT, that hold various integration format with
the micro-optical components.

Microendoscopy is a promising approach for in vivo imaging. It combines conventional intravital
microscopy and miniature endoscopy, using a narrow-diameter optical probe that provides minimally
invasive access to internal organs that are otherwise difficult to reach with conventional instruments [68].
Optical microendoscopy provides spatial resolution that can approach that of a conventional
water-immersion objective lens [69]; is compatible for use with multiple contrast modalities including
epifluorescence, two-photon excited fluorescence, and second-harmonic generation; and has been
used in both live animals and humans [70]. Kim et al. developed an in vivo confocal and multiphoton
microendoscopic imaging system which integrated with gradient index lenses [68]. The cellular
resolution of the system was demonstrated by imaging the micrometer-scale structures of the
fluorescence labelled pollen grains. Besides, the boundaries of spherical starch granules in a sliced fresh
potato were acquired with the second-harmonic generation imaging mode. Individual dendritic cells in
the epidermis and dermis, blood vessels, as well as collagen fibrillar structure in live mice, were clearly
imaged [68]. By using high-end micro-optical structures, such as high-resolution microlenses [69], the
performance of the imaging system can be further improved. Barretto et al. demonstrated two-photon
imaging of dendritic spines on hippocampal neurons and dual-color nonlinear optical imaging of
neuromuscular junctions in live mice [69].

Many advances in microendoscopy have been reported in the last decade. Most endoscope
designs involve three key components: optical fibers used for efficient laser pulse delivery and signal
collection, micro-optics used for imaging, such as microlenses, and miniaturized scanning devices,
such as micromirrors [71]. Rogers et al. demonstrated an integrated microendoscope and presented
images of fixed biological samples acquired by the microendoscope to demonstrate its ability to image
the cellular structure of tissue [72]. To be useful as an endoscopic device, the instrument should be
no more than a few millimeters in diameter. As shown in Figure 9, the objective includes a 1-mm
plano-spherical glass lens mounted in a custom precision micromount and three aspheric microlenses
printed via grayscale lithography in hybrid sol-gel glass. The device incorporates a MEMS scanning
grating, and the grating actuator is an electrostatic comb-drive actuator designed to scan the grating in
resonance. The illumination is provided by a light-emitting diode (LED) that is coupled to a multimode
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fiber. The light from the fiber is collected by a 2-mm plano-spherical glass condenser lens mounted
in a precision micromount. The device has a 250-μm-diameter field of view (FOV) and a working
distance of 300 μm. The working distance allows for optical sectioning of epithelial cells below the
tissue surface [72]. To verify the imaging ability of this optical system in relevant biological samples,
such as cervix, oral epithelial cells and tissues were imaged by the system due to their structural and
biomolecular similarity between the oral cavity and cervix. Human oral carcinoma cells were labelled
and imaged, cell membranes were clearly visible and the results were comparable with a Zeiss optical
microscope [72].

 
Figure 9. A microendoscope used for in vivo imaging: (a) Optical components mounted on the
substrate; (b) The integrated device shown above a United States penny for scale; (c) Widefield image
of cells labeled with gold nanoparticles, the image taken with the microendoscope is on the right, and a
similar image taken with a Zeiss Axiovert 100 M is shown on the left for comparison. (Reproduced
with permission [72], Copyright 2008, Society of Photo-Optical Instrumentation Engineers).

OCT is a 3D microscopic imaging technique that is especially suitable for in vivo imaging
applications, such as biomedical tissue cross-sectional analysis. With an axial resolution of less than
15 μm and cross-sectional imaging to a depth of ~1–3 mm, it has significant potential in ophthalmology,
cardiology, gastroenterology and oncology applications, etc. OCT is an interferometric imaging
technique that employs light sources (typically in the near-infrared) with relatively large spectral
bandwidths (e.g., ~10–300 nm), to achieve cross-sectional biomedical imaging. OCT systems in
general employ a fiber-based Michelson interferometer to measure the backscattered light from an
object. This back-scattered light is used to calculate the reflectivity or scattering potential profile of
the biological sample along the probe beam direction. By scanning the probe beam in the transverse
direction, 3D images of the object can be reconstructed [67]. With the increasing availability of
micro-optical components, OCT becomes a promising non-invasive imaging technique that lends itself
to a compact, relatively cost- effective and portable architecture for diagnostic imaging applications.
Aljasem et al. presented a membrane-based microfluidic tunable microlens and an electrostatic 2D
scanning micromirror which were fabricated using silicon and polymer-based MEMS technologies [73].
These components were assembled inside a 4.5 mm diameter probe of an endoscopic OCT system
for beam focus and steering, and the system was used to test a slide of wood with a surface layer of
varnish and a leek skin [73]. Mu et al. demonstrated a prototype of an OCT bioimaging endoscopic
probe utilizing a MEMS micromirror as the light beam manipulator [74]. To exert a large mirror
platform tilt angle, electrothermal bimorph actuator was selected as the micromirror structure for its
large deflection and low driving voltage, of which the latter is of particular importance for clinical
applications. The MEMS micromirror and the silicon optical bench (SiOB) assembly were enclosed
within a biocompatible, transparent and waterproof polycarbonate tube equipped with toroidal-lens
for in vivo diagnostic applications. The muscle and skin next to the hind leg of a 6-week-old male
mouse was tested by the OCT probe, epimysium, perimysium and endomysium layers were observed,
and even the blood vessels that enclosed within the underneath layer of the epimysium can be easily
distinguished from perimysium. Similarly, the superficial epidermis of the mouse leg skin tissue and
the dermis layer were also successfully detected [74].
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5. Conclusions

We have briefly introduced basic features of several imaging techniques that permit harvesting
spatiotemporal information from living organisms, such as CT, MRI, etc. In particular, we have pointed
out that optical microscopy plays a predominant role in observing tissues, cells and biomolecules.
Over the last decade, a fast-growing interest was notice for developing micro-optical components and
miniaturized optical imaging tools, these optical microdevices have shown great potential on imaging
living organisms, tissues, cells, as well as subcellular structures, both in vivo and in vitro. We introduced
several typical micro-optical components and their fabrication technologies, followed by the integration
of these components with instruments or devices for in vivo and in vitro bioimaging, respectively.

We hope this review has made clear that micro-optical components can advantageously contribute
to the bioimaging applications and the integration of such components with microscopic instruments is
key to the improvement of the performance of an optical imaging system and to the miniaturization of
the system. Aiming to bring effective medical diagnostic tools to patients, the continued development
of optical bioimaging instruments that are cost-effective, sensitive and accurate is essential. In this
quest, the advances in optical microdevices/microsystems can transform the field of biomedical optics,
therefore playing an increasing important role. Conventional optical imaging techniques, such as
optical microscope, endoscopes and OCT systems can be redesigned to provide highly integrated and
miniaturized imaging tools, as described in this review. It is probable that the miniaturization of the
imaging instruments can compromise their imaging performances, such as low spatial and temporal
resolution. Therefore, further developments have to be performed so as to improve the performance
of these tools up to, or even beyond, the level of their respective gold standards. We believe that the
technical eruptions in the aspect of micro-optics will play a prominent role in the new bioimaging
techniques development.
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Abstract: Capacitive micromachined ultrasonic transducer (CMUT) technology has enjoyed rapid
development in the last decade. Advancements both in fabrication and integration, coupled with
improved modelling, has enabled CMUTs to make their way into mainstream ultrasound imaging
systems and find commercial success. In this review paper, we touch upon recent advancements in
CMUT technology at all levels of abstraction; modeling, fabrication, integration, and applications.
Regarding applications, we discuss future trends for CMUTs and their impact within the broad field of
biomedical imaging.

Keywords: capacitive micromachined ultrasonic transducer (CMUT); acoustics; micromachining;
capacitive; transducer; modelling; fabrication

1. Introduction

The capacitive micromachined ultrasonic transducer (CMUT) started with an idea to make a better
airborne ultrasound transducer operating in the MHz frequency range [1]. Later, a simple underwater
experiment showed the huge advantage in bandwidth over piezoelectric transducers and motivated
the development of a sealed CMUT for immersion applications [2]. A CMUT consists of a flexible top
plate suspended over a gap. Transduction is achieved electrostatically, in contrast with piezoelectric
transducers. The merit of the CMUT derives from having a very large electric field in the cavity of the
capacitor, a field of the order of 108 V/m or higher results in an electro-mechanical coupling coefficient
that competes with the best piezoelectric materials. The availability of micro-electro-mechanical-systems
(MEMS) technologies makes it possible to realize thin vacuum gaps where such high electric fields can
be established with relatively low voltages. Thus, viable devices can be realized and even integrated
directly on electronic circuits such as complimentary metal-oxide-semiconductor (CMOS). A further and
very important development was the discovery of collapse mode operation of the CMUT. In this mode of
operation, the CMUT cells are designed so that part of the top plate is in physical contact with the substrate,
yet electrically isolated with a dielectric, during normal operation. The transmit and receive sensitivities of
the CMUT are further enhanced thus providing a superior solution for ultrasound transducers [3]. In short,
the CMUT is a high electric field device, and if one can control the high electric field from issues like
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charging and breakdown, then one has an ultrasound transducer with superior bandwidth and sensitivity,
amenable for integration with electronics, manufactured using traditional integrated circuits fabrication
technologies with all its advantages, and can be made flexible for wrapping around a cylinder or even
over human tissue.

In this paper, we will review the various aspects of CMUT technology: theory of operation, fabrication
with surface and bulk micromachining, electronic integration methods, characterization, and applications.
Beyond this overview, further details in the above-named topics will be left to the references.

2. Theory and Modeling of Capacitive Ultrasonic Transduction

A CMUT element typically consists of several cells connected in parallel. Each cell is composed of a
flexible top plate (also referred to as top electrode) anchored around its edges. A shallow gap is formed
between this flexible top plate and a fixed bottom plate. These two plates are made electrically conductive
(partially or completely) to form a capacitor with the gap in-between (Figure 1a), making the CMUT cell a
variable capacitor. A CMUT presents a challenging modeling problem as multiple physics are involved in
its operation. As with any other MEMS device, at the basic level, the mechanics of the plate needs to be
modeled along with the electrodynamics. Moreover, a CMUT interacts with an acoustic medium such
as air or water to radiate or sense ultrasound; so, the interaction of the acoustic medium with the CMUT
plate also needs to be modeled.

(a) (b)
Figure 1. Capacitive micromachined ultrasonic transducer (CMUT) cell illustration. (a) A CMUT cell is
composed of a flexible top plate and a fixed bottom plate. (b) A direct current (DC) bias is applied during
the operation that deflects the top plate.

Mechanical systems can be converted into electrical circuits by using the analogy between the
mechanical and the electrical domains. One way to implement this analogy is to replace the forces in
the mechanical domain by voltage sources and velocities by electrical currents. The models of this type
are called equivalent circuit models. This methodology serves as a powerful tool for the analysis of
electromechanical systems. Equivalent circuit models have been widely used for design and optimization
of variety of transducer technologies such as piezoelectric [4] and an CMUTs [5,6].

Advancement in contemporary computing and equivalent circuits has enabled more detailed
two-dimensional and three-dimensional finite element (FE) models to calculate the collapse voltage,
output pressure, bandwidth, sensitivity, and crosstalk. Finite element models are designed to solve to the
exact coupled-field theory of electrostatics, solid mechanics, and acoustics. A variety of finite element tools
have been deployed, including but not limited to, ANSYS, COMSOL, COVENTOR, LS-DYNA, PZFlex,
as well as custom-made modeling tools [7].

In the following sub-sections, we first explain the basic electromechanics of CMUTs using a simple
parallel plate model. Next, we review the basics of equivalent circuit and finite element modeling.

23



Micromachines 2019, 10, 152

2.1. Basic Electromechanics of CMUTs

To the first order, in one dimension, a CMUT can be modeled by a parallel plate capacitor with a
moving top electrode as shown in Figure 2. The mechanics of a parallel plate can be approximated by a
mass-spring-damper system model, with a spring constant kp, mass constant mp, and damping constant rp.
The medium acoustic impedance is simply modeled using a damper, rm, and a mass, mm. Under direct current
(DC) bias, the top electrode is attracted towards the bottom electrode. At equilibrium, the deflection due to
the electrostatic force is counter balanced by the mechanical spring force of the membrane. Assuming the
top electrode is displaced by x, the capacitance of the parallel plate capacitor is given by

c(x) =
Aεoεr

ge f f − x
. (1)

Figure 2. Simplified mass-spring-damper CMUT model.

The effective gap height ge f f is given as ge f f = (ti + tm)/εr + go, where A is the area of the top
electrode, εo is the permittivity of vacuum, εr is the relative permittivity of the insulator and the membrane
material (assumed here to be the same), go is the initial gap distance under zero bias voltage, and ti and tm

are the insulator and the membrane thickness, respectively. Note that because of the presence of the oxide
layer, the effective gap is different than the physical gap, and thus, the relative permittivity is different
than that of Vacuum. The dynamics of a CMUT can be studied via the Newton’s second law, namely,

mp
d2x
dt2 + rp

dx
dt

+ kpx = fel + fac − po, (2)

where fel is the force due to electrical loading, fac is the force due to acoustic loading, and po is the
atmospheric pressure. rp represents the intrinsic viscoelastic damping of the top plate, which is usually
negligible, and thus, we henceforth assume rp = 0. Both forces can be estimated using the principle of
minimum potential energy:

fel =
−εoεr AV(t)2

2(ge f f − x)2 , fac = −p(t)A, (3)

where p(t) is the acoustic pressure. As seen, this equation is nonlinear in the displacement x. For most
conventional applications, a CMUT, however, is biased by a large DC voltage (Vdc), and then modulated
through a small AC voltage (Vac) in the transmit mode or a small acoustic pressure in the receive mode
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(leading to induction of a small Vac). This assumption serves as a basis for linearization of the electrostatic
force at Vdc and xdc. After expanding the total voltage and displacement as V = Vdc +Vac and x = xdc + xac,
and dropping the second order terms, the linearized equation of motions becomes:

(mp + mm)
d2xac

dt2 + rm
dxac

dt
+ (kp − ks)xac =

−εoεr AVdcVac(t)
2(ge f f − xdc)2 , (4)

with

ks =
εoεr AVdc

2

(ge f f − xdc)3 , (5)

where ks is known as the spring softening effect, which is a function of the DC bias, and implies the
resonance frequency of the CMUT shifts as the DC bias increases. As the top electrode moves closer
to the bottom electrode due to the applied voltage, the electrical field increases, and the top electrode
displaces further, acting as if the spring constant of the top electrode decreases under the influence of the
applied voltage. Also, mm and rm are the effect of acoustic loading, which we shall discuss in-depth later
in this section.

The DC components can be calculated by solving kpxdc = fel − po. In absence of the atmospheric
pressure, this leads to

Vdc =

√
2kpxdc

εoεr A
(ge f f − xdc), (6)

which implies an important phenomenon; if the bias voltage is increased beyond a certain value, the top
electrode collapses onto the bottom electrode. This means that the displacement of the top electrode
can result in an increase in the electric field to the point where the attractive electrostatic force cannot
be balanced by the spring force, resulting in the collapse of the top electrode onto the bottom electrode.
Mathematically, this occurs when the gradient of the electrostatic force is larger than the gradient of the
mechanical force. One can calculate the collapse voltage by equating the gradient of the electrostatic force
to zero:

Vcoll =
√

8kg3
e f f /27εoεr A, (7)

and thus, it can be seen that displacement at Vcoll is ge f f /3.

2.2. Small-Signal (Linear) Equivalent Circuit Model

Using the linear model presented above, a CMUT can be considered as a two-port network composed
of an electrical domain and a mechanical domain (Figure 3). Such an equivalent circuit is a useful tool
that captures the small-signal behavior of the CMUT in one dimension. One can perform a variety of
simulations, such as calculating the electrical impedance and the small-signal transmit (TX) and receive
(RX) sensitivities as a function of frequency.

(a) (b)
Figure 3. CMUT Network model. (a) General two-port network representation that relates voltage and
current (V and I) to force and velocity (F and V). (b) Small-signal equivalent circuit model (in transmit
mode, Fs = 0, and in receive mode, Vs = 0). Rs represents the electric source resistance.
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In the electrical part, Co is the clamped capacitance of the device at the bias voltage and −Co represents
the spring softening capacitance. Vs and Rs represent the input voltage source and its electric resistance.
The mechanical membrane and medium acoustic impedances constitute the mechanical part. Fs is the
force due to an acoustic pressure source, i.e., Fs = pA. The two parts are coupled together through an
electromechanical transformer, picturing a CMUT as a device that transforms electrical energy to mechanical
energy and vice versa. For a parallel plate capacitor, the electric field and transformer ratio are given by

Eo =
Vdc

ge f f − xdc
, Co =

εoεr A
ge f f − xdc

, n = EoCo. (8)

Note also that it is easy to verify n =
√

ksCo. When the transducer is operated in vacuum,
the mechanical port of the circuit is short-circuited. For immersion devices, the mechanical port is
simply terminated by the radiation impedance. In transmit mode, Fs = 0, and in receive mode, Vs = 0.

The maximum small signal output pressure of the transducer can be easily calculated using the
equivalent circuit method. The maximum output pressure is obtained at the resonant frequency of the
membrane, where all the reactive elements cancel each other out in the mechanical part of the circuit.
At this frequency, the output pressure per volt is simply

pmax =
n
A

=
εoVdc

(ge f f − xdc)2 , (9)

and for a bias voltage close to the collapse voltage, is pmax =
√

3kεo/2Age f f . In equivalent circuit
modeling, the mechanical impedance of the plate is determined by subjecting the plate to a harmonic
loading, semi-analytically using either the classical plate theory [5] or finite element method [8,9], in cases
where analytical solutions are either tedious or do not exist. This can be used to derive the impedance of
plates of various shapes such as circular, rectangular, or hexagonal geometries, or under different boundary
(clamping) conditions.

The medium in which the transducer is operating presents an impedance (Zmedium) to the transducer
that must be included in the small-signal equivalent circuit model (see Figure 3b) and can be considered as
Zmedium = Za A, where Za is the characteristic acoustic impedance of the plate as a radiator of sound (not
to be confused with mechanical impedance). However, since the transducer is in general a small resonator
(compared to the wavelength) Za can be quite different than that of a plane wave. For a circular piston
transducer of radius a, within an infinite rigid baffle, this acoustic impedance is given by [10]

Za = Zo

(
1 − J1(2ka)

ka
+ j

H1(2ka)
ka

)
, (10)

where J1 is the Bessel function of the first kind and the first order and H1 is the Struve function of the
first order. Zo is the plane wave impedance (Zo = ρoco), where ρo and co are the density and speed of
sound in the loading fluid. k = ω/co is the wave number. Note that Za has both real and imaginary parts.
The real part contributes to the acoustic damping through rm and is known as the radiation impedance.
rm is the mechanism by which a CMUT radiates sound. The imaginary part contributes to the mass term
through mm, and thereby results in shift in the resonance frequency. In summary, rm = jωARe{Za} and
mm = jωAIm{Za}.

Having a complete model, one can now determine the resonance frequency as well as transmit and
receive sensitivities. The resonance frequency and fractional bandwidth (FBW) are
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ωo =

√
kp − ks

mp + mm
, FBW =

rm√
(mp + mm)(kp − ks)

. (11)

For transmit and receive sensitivities, STX and SRX , it can be shown that

STX =
∣∣∣Pout

Vin

∣∣∣ = STX,maxΞ(ω), SRX =
∣∣∣ Iout

Pin

∣∣∣ = SRX,maxΞ(ω), (12)

where STX,max = n/A, SRX,max = nA/rm and

Ξ(ω) =
[
1 +

( ω

rm
(mp + mm)

)2(
1 − ωo

ω

)2]− 1
2
. (13)

2.3. Finite Element Modeling

An equivalent circuit model using lumped parameters serves to provide a good approximation but
such an approach has many limitations and may not represent all the underlying physics. Finite element
analysis is ideal for analyzing such multi-physics systems. The underlying physics for the CMUT operation
can be described using partial differential equations with some boundary conditions. Depending on the
shape, geometry, and mode of operation of CMUTs, a diverse array of finite element procedures have
been developed over the years. In the finite element method, the simulation domain is divided into many
small elements, called finite elements, over which a much simpler function is used to approximate the true
solution. A set of linear equations is formulated based on minimizing the error between this approximate
solution and the true solution.

Conventional CMUTs have been simulated using finite element analysis as described by [11,12].
Depending on the geometry and structure of the CMUT, Finite element models have been implemented
in two-dimensions (2D), two-dimensions with axial symmetry (2D-Axisym.), and three-dimensions (3D)
models. In the simplest form, the equations of linear elasticity (both static and dynamic) have been used to
capture the mechanics of the vibrating plate. Finite element methods have made it possible to include
various mechanical nonlinearities with ease. Perhaps the most prevalent one is geometric nonlinearity
(also referred to as stress stiffening) in thin CMUT plates (where the thickness to diameter ratio is less than
5%). Stress stiffening is a nonlinear signature, where the vibrating plate stiffens as it is being deformed
due to the second order effects of the strain.

The plate is usually anchored at the edges and is immersed in an acoustic medium (i.e., a domain that
is governed by the acoustic wave equation). Often, the acoustic domain is terminated at the outer edges
(at a certain distance from the plate) via some form of absorbing boundary conditions (ABC) or a perfectly
matched layer (PML). This is usually used in the transmit mode and intended to absorb all out-going
waves, and thus, model a CMUT cell pulsating in an infinite half-space. To investigate the operation of
a single CMUT cell, generally a spherical absorbing boundary is used to emulate the acoustic radiation
condition (Figure 4a). For investigating an array of CMUT cells, it is practically not possible to model all
the cells, unless the array has a small number of cells or has a specific type of symmetry. The standard
procedure to model an array of CMUT cells is known as the wave-guide model, where a single cell CMUT
is modeled, however, with periodic boundary conditions (both in 2D and 3D). The wave-guide model
is more subtle in axially symmetric geometries, where symmetry boundary conditions (as opposed to
periodic conditions) have been widely adopted to mimic the effect the neighboring cells with a good
accuracy [12–14] (see Figure 4b). The wave-guide models are also used in the receive mode, in the regimes
where the incident wavelength is much larger than the dimensions of the CMUT cell.
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(a) (b)
Figure 4. Geometry and boundary conditions of 2D-Axisym. CMUT finite element (FE) models. (a) Single
cell model. (b) Wave-guide model.

Care should be taken, however, when using the wave-guide model. The model shown in Figure 4b
generates sound waves in the fluid when the membrane is excited. The field quickly converges into plane
waves as it propagates away from the membrane and the wave-fronts become parallel to the membrane
plane and absorbing boundary. Below a certain cut-off frequency the fluid wave-guide only supports
plane-waves, which is ideal for the purpose of modeling the CMUT cell. However if the frequency
is high enough, there are also waves propagating at an oblique angle. The cut-off frequency of the
wave-guide is given by fc = 1.22vL/2rout, where vL is the sound velocity in the fluid and rout is the
radius of the wave-guide. Above this frequency, due to the oblique incidence on the absorbing boundary,
some part of the incidence wave gets reflected at the absorbing boundary. This results in standing waves
in the wave-guide.

Perhaps the most challenging FE modeling of CMUTs is the electrostatic force (or variable capacitance),
which is inversely proportional to the deformed gap. As such, different Element technologies have been
applied, depending on the Software being used. We elaborate on two here: (1) ANSYS: the electrical ports
are added to the membrane by segmenting the gap into many parallel plate capacitors as shown in Figure 5.
This approach neglects the fringing fields and assumes that the electric field is always perpendicular to the
electrodes. (2) COMSOL: the gap is meshed and modeled by solving the actual equation of electrostatics
with a deformed mesh. The last part is necessary as the gap changes in response to the pressure or electrical
fields. The coupling between the electric field and vibrating plate is through the electromechanical force
that is calculated at the top electrode by the Maxwell’s stress tensor [15].

Figure 5. CMUT electrostatic gap segmentation. The electrostatic force is approximated by adding several
parallel plate capacitors between the top and bottom electrodes.

Using the above model one can perform static, harmonic (small signal frequency domain),
and transient (large signal time domain) analyses. For small signal analyses, static calculation is first used
to pre-stress the plate prior to the harmonic analysis. The static analysis is also needed to calculate the
collapse voltage. Next, a harmonic (frequency domain) analysis is performed to determine various CMUT
characteristics in the linear regime.
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Recent advancements in FE modeling and computer technologies have also enabled exploring a
diverse array of sophisticated designs with the ultimate goal of improving performance measures such
as sensitivity and bandwidth, These designs include but are not limited to collapsed mode operation
and squeeze-film airborne CMUTs. Each of these developments introduces unique challenges in
modeling. For example, for collapsed mode operation the mechanical as well as electrical contacts
between the substrate and the vibrating plate should be taken into account. Furthermore, the whole
electromechanical operation is nonlinear, leading to a need for time-domain analyses [13,14], which are
generally computationally costly and less efficient than frequency analyses. Squeeze-film airborne
CMUTs are devices with vented cavities and aim at increasing the bandwidth of airborne CMUTs.
Modeling CMUTs with vented cavities is particularly challenging as it involves many different physical
phenomena. Namely, the air inside the cavity as well as the vent holes will result in additional loading
which needs to be modeled as well. The main challenge for simulating CMUTs with vented cavities
lies in modeling the squeeze film, the vent channels, and the interaction of the squeeze film with the
acoustic medium, for which one should consider modeling the squeeze film losses using both the Reynolds
equation as well as the Navier-Stokes equations [16–18].

3. Fabrication Technologies

3.1. Sacrificial Release Process

The first method developed for fabricating CMUTs was the sacrificial release process [1]. This is
a surface micromachining processes where the vacuum gap is created by etching a sacrificial layer
between the top plate and the substrate. A vacuum-sealing step allows devices suitable for immersion
applications [2].

A typical sacrificial release process is shown in Figure 6. First, a silicon nitride insulator layer is
deposited on the wafer, followed by a sacrificial polysilicon layer. The sacrificial layer is patterned to define
the post area between cells (a). Then, another layer of sacrificial polysilicon is deposited (b). This second
sacrificial layer is used to create channels into the cell for the sacrificial polysilicon etch.

Figure 6. Sacrificial release CMUT fabrication process. (a) Deposit silicon nitride. Deposit and pattern the
sacrificial polysilicon layer. (b) Deposit the polysilicon sacrificial layer for the etch channels into the cells.
(c) Deposit and pattern the silicon nitride top plate layer. (d) Etch the sacrificial polysilicon layer. (e) Deposit
silicon nitride using low-pressure chemical vapor deposition (LPCVD) to seal the cells. (f) Deposit and
pattern the aluminum electrodes and interconnects.

Next, silicon nitride is deposited to form the top plate. Holes are made in the top silicon nitride layer
to allow access to the sacrificial etch channels (c). A potassium hydroxide (KOH) wet etch is then used to
remove the sacrificial polysilicon layer (d). The KOH enters through the openings in the top silicon nitride
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layer, then proceeds through the etch channels formed by the second sacrificial polysilicon deposition and
into the cells. KOH has high selectivity to polysilicon over silicon nitride, so the silicon nitride structure
remains undamaged.

The sacrificial release step leaves a gap, which is vented to the atmosphere. The gap is sealed by
performing low-pressure chemical vapor deposition (LPCVD) of silicon nitride. This seals off the narrow
etch channels (e). The LPCVD is performed at very low pressure, so the gap is effectively vacuum-filled
when it is sealed.

Finally, aluminum is deposited to form the top electrode, electrical contacts, and interconnects (f).
Sputtering is usually used in order to get conformal coverage. The substrate wafer is highly doped so that
it can be used as the back electrode.

In the sacrificial release process, the gap height is set by the combined thicknesses of the two
polysilicon depositions (a) and (b), and the top plate thickness is set by a silicon nitride deposition (c).
This can make achieving good uniformity challenging compared to a wafer-bonding process. In addition,
roughness in the silicon nitride layer can decrease the effective gap height, causing deviations in device
performance from the design values [19]. Also, the plate material can have substantial intrinsic stress,
which alters the device properties.

On the other hand, sacrificial release processes have several advantages. They are relatively simple
and reliable. They avoid the yield challenges of a wafer bonding step. Additionally, it is possible to design
sacrificial release processes with a low maximum processing temperature (250 °C) [20], allowing postprocess
CMOS integration [21].

Vias and 2D Arrays

Additional steps can be added to the sacrificial release process to allow electrical connectivity
from the backside using through-wafer via [22,23]. An example of such a device based on the work of
Moini et al. [24] is shown in Figure 7a. Holes for the vias are made through the wafer using deep reactive
ion etching (DRIE). The holes are lined with conductive silicon and then filled with undoped polysilicon.
Conductive polysilicon is also used to make the bottom electrodes for the CMUTs. Processes like this allow
the fabrication of 2D arrays with backside electrical contacts, such as the ring array shown in Figure 7b.

Figure 7. (a) Structure of a sacrificial release CMUT with vias for backside electrical contacts. (b) A four-ring
2D CMUT array fabricated using a sacrificial release process and through-wafer vias, as decribed in [25].
Reproduced with permission from Moini, A., Capacitive Micromachined Ultrasonic Transducer (CMUT)
Arrays for Endoscopic Ultrasound; published by Stanford University, 2016.
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With backside electrical contacts, it is feasible to construct 2D arrays with individually-addressable
elements. Rectangular 2D arrays have been fabricated for volumetric imaging [23], and ring arrays have
been fabricated for forward-looking imaging on the ends of catheters [24].

3.2. Wafer Bonding—Basic Process

In this technique, a combination of surface micromachining and silicon on insulator (SOI) technologies
are used to fabricate the CMUT [26]. This wafer bonding process greatly simplifies the fabrication and
brings new levels of uniformity and control, especially regarding the plate thickness, which is now defined
by the device layer of the SOI wafer.

The wafer bonding fabrication process is illustrated below in Figure 8. The starting point of this
process is a prime-grade heavily-doped Si wafer. Care should be taken to ensure the carrier density is high
enough in both the prime and SOI wafer to limit depletion during operation. The CMUT gap height is then
defined by a thermal oxidation of the prime wafer. The gap dimensions and geometry are then defined,
lithographically, and transferred into the oxide with a wet or dry etch down to the Si. Next, a second
thermal oxidation is used to passivate the exposed Si and prevent shorting between the bottom of the gap
and the conducting plate that will ultimately be formed from the SOI wafer. It should be noted that this
oxidation should be as high of quality as possible to avoid hysteresis in the device operation from trap
charging or ion drift. At this point, a second lithography step can be used to flatten any bumps that may
have formed along the upper edge of the cavity due to increase Si flux [27], which can drop the yield of
the SOI bonding. Commonly, a ring pattern (around the gap) and etch can simply remove these bumps.
At this point, a critical RCA clean is performed followed by immediate direct bonding of the SOI wafer.
During bonding, the oxidized Si wafer is brought in contact with the SOI wafer, at which point a weak van
der Waals attraction holds the two wafers together, coupled with weak hydrogen bonding. Another thermal
oxidation (≈1100 °C) is then used to covalently bond the two wafers. The next steps involve releasing of
the handle and buried oxide (BOX) from the SOI wafer to form the CMUT plates. First, the bulk of the
SOI handle is removed using mechanical grinding, typically leaving ≈100 μm depending on the grinding
uniformity and control. A wet etch in KOH or tetramethylammonium hydroxide (TMAH) is then used to
strip the remaining handle, using the BOX as an etch stop. Finally, the BOX layer is removed by another
wet etch in hydrofluoric (HF) acid or its derivative, such as buffered oxide etchant (BOE), this time using
the Si device layer (i.e., CMUT plate) as the etch stop. At this point, the CMUTs are physically formed and
subsequent steps are related to device isolation and contacts. In this basic process, top-side contacts to the
bottom electrode are formed by etching via down to the Si wafer. Metal contacts are then deposited by
sputtering both within the via and atop the plate. Finally, a device isolation etch is used to separate the
metal pads and etch down through the conducting Si plate electrically isolate the device and/or define the
array. As a last step, a low-temperature (compatible with the metallization) oxide or nitride deposition can
be used to passivate the sidewall of the plate edge and prevent shorting from surface conduction.

Compared to the sacrificial release process, the wafer bonding process offers better control over the
plate thickness and gap height, and much less residual stress in the plate. The main drawback of the
wafer bonding process is that the wafer-bonding step, itself, is very sensitive to issues such as surface
roughness [28] and cleanliness, and as such, can have a low yield. An additional drawback to thw wafer
bonding process is the cost and logistical complexity of procuring suitable SOI wafers. To avoid this, silicon
nitride can be deposited on a standard wafer and bonded to the substrate wafer form the top plate [29].
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Figure 8. Process flow for a wafer-bonded CMUT. (a) Starting prime wafer. (b) Thermal oxidation. (c) Etch
to form cavity. (d) Thermal oxidation. (e) Silicon on insulator (SOI) wafer bonding. (f) SOI handle.
(g) Removing burried oxide. (h) Sputtering metallization. (i) Metal pattern and device isolation.

3.2.1. Wafer Bonding—LOCOS Process

The LOCOS (local oxidation of silicon) process is a variant of the wafer-bonding process that allows
excellent gap height control and reduced parasitic capacitance when compared to the basic wafer bonding
process [30]. The process uses local oxidation, a method used to isolate neighboring MOS transistors in
which a silicon nitride mask is used to prevent the diffusion of oxidants to the silicon surface in particular
locations so that oxide only grows in specific areas.

A typical LOCOS CMUT structure is shown in Figure 9a. The elevated silicon area in the center of
the cells is created using a local oxidation step. This step may be masked with silicon oxide [30] or silicon
nitride [31]. A second LOCOS step produces the silicon oxide posts which support the top plate. In this
way, the gap height can be made small while keeping the post area thick, unlike the simple wafer bonding
process where the gap height and post height are coupled. Gap heights as small as 40 nm have been
achieved using this process [30]. In the device shown in Figure 9a, there is no metal layer on the top plate.
Instead, highly-doped silicon is used to provide conductivity.

3.2.2. Wafer Bonding—Thick BOX, Pre-Charged

A variety of modifications to the basic process flow for wafer-bonded CMUTs exist, each addressing
a specific aspect of performance. Charging is one aspect of CMUT performance that has received
considerable attention due to its impact on the device reliability. Specifically, charge trapping and ion drift
in the insulating layer within the gap can be responsible for hysteresis in the electrostatic deflection of the
plate. In response to such charging, the use of an SOI wafer with a thick BOX layer to form the bottom
electrodes has been proposed as one solution [32]. The structure is shown in Figure 9b. The purpose of this
is to localize the electrical field, which is the underlying cause of charging, to within the gap by patterning
vias through the thick BOX layer. In addition, these backside contacts allow a flat and continuous front face
on the transducer array, which improves imaging and simplifies packaging. On the flip side of charging,
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this can be advantageously exploited with pre-charged CMUTs. Here, charging in the gap insulator is
used to electrostatically deflect the CMUT plate and reduce or entirely remove the DC pull in voltage [33].

Figure 9. (a–c) Wafer-bonded CMUT structures. (a) Local oxidation of silicon (LOCOS) wafer-bonded
CMUT. (b) Thick buried oxide (BOX) CMUT. (c) Anodic-bonded CMUT. (d–e) Structures to improve
average displacement shown for comparison. (d) Piston CMUT fabricated with a double wafer-bonding
process. (e) Post CMUT.

3.2.3. Wafer Bonding—High-K Insulator

Another approach to suppressing charging involves tailoring the dielectric constant of the insulating
layer. Like the introduction of high-K gates in the CMOS industry, high-K insulators can play a role in
suppressing charging within the CMUT gap. Specifically, high-K insulators have been shown to suppress
the field-emission that occurs between the plate and bottom electrode under high-fields [34]. In parallel to
modifications to the dielectric constant, the use of improved deposition techniques, such as atomic layer
deposition (ALD) can further suppress charging by reducing the trap density in the insulating layer.

3.2.4. Wafer Bonding—Anodic Bonding and Transparent

A valuable departure from the standard (direct) wafer bonding process is the use of anodic bonding,
which can enable CMUTs with low thermal budgets and/or transparency. Anodic bonding is typically
used to bond glass to a substrate and is facilitated by ion drift within the glass to form an interfacial bond.
The structure is shown in Figure 9c. CMUTs with plates formed through such anodic bonding have been
demonstrated with simplified processing, greater tolerance to surface roughness, and high reliability [35].
Moreover, anodic bonding has been employed to improve the transparency of CMUTs to enable coupling
with optical measurement techniques [36].

3.2.5. Wafer Bonding—Flexible

In general, electronics are beginning to tap into a new frontier of applications enabled by mechanical
flexibility. CMUTs also follow this trend and have experienced interesting developments in flexible devices
and arrays, enabling a variety of high-impact applications ranging from conformal patches to swallow-able
pills. In general, the approach to flexible CMUT arrays can take two paths; creating the array from
entirely flexible components or embedding rigid isolated CMUTs within a flexible medium. These two
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types of flexible CMUTs are illustrated in Figure 10. Regarding entirely flexible CMUTs, the fabrication
typically involves forming the device through micromachining of polymer layers. These polymer layers
are supported by a rigid substrate and later released through a chemical etch. One recent demonstration
used a combination the polymer SU-8 (as a bulk material) and Parylene-C (to seal the cavity) to fabricate
CMUTs on a Si wafer [37]. A thin liftoff layer was then used to release the polymer CMUT array from the
Si after fabrication. Another recent approach leveraged a rolling lamination process to form an entirely
flexible CMUT array [38].

Figure 10. Approaches to fabricating flexible CMUTs. (a) CMUT fabricated from entirely flexible polymers.
(b) Isolated rigid CMUTs embedded within a flexible substrate.

3.2.6. Wafer Bonding—Bendable Arrays

Regarding the second path towards flexible arrays, rigid CMUTs can be embedded within a flexible
medium [39], a variety of recent works have shown progress in forming such arrays by back-filling of
mechanically-isolated devices with a polymer layer. For example, recent work on a circular pill-shaped
imaging platform has demonstrated a process flow whereby a bonded CMUT array is first fashioned
on a Si wafer, then isolated with a through-Si etch, followed by trench filling with polydimethylsiloxane
(PDMS) [40]. This process flow for fabricating a pill-shaped device is shown below in Figure 11. Similar to the
wafer-bonded process flow, the starting point is a CMUT with the SOI BOX layer removed. Next, a top-side
metalization is sputtered. The top-side oxide is then etched to begin the device isolation. A second top-side
etch into Si is performed, followed by a nitride passivation. Next, under bump metalization (UBM) is applied
to the back-side of the wafer. The device isolation is completed with a backside etch and trench filling with a
polymer to form the flexible substrate.

3.3. Device Structures to Improve Average Displacement

In a conventional CMUT structure, the edges of the cells are clamped and the spring force arises from
the bending of a plate of uniform thickness. This results in an average displacement which is much less
than the peak displacement (1/3 in the case of circular cells [41]). A number of device structures have been
developed to improve the average displacement by creating plates that move more like pistons.

One approach is to make the plate thicker in the center. A thick center area can be fabricated on the
bottom of the top plate using a double wafer bonding process, producing the structure in Figure 9d [42].
Here, two SOIs are bonded together and the device layer of one is used to form the piston while the device
layer of the other is used to form the plate. More simply, a mass of a material such as gold can be deposited
and patterned on the top of the plate [43].

Another structure called a post CMUT uses compliant posts to provide the spring force rather than
the flexural movement of the plate [44]. The structure is shown in Figure 9e. The springs are defined using
DRIE and the plate is created by wafer bonding [45].
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Figure 11. Process flow for fabricating a bendable CMUT array. (a) A wafer-bonded CMUT after stripping
the SOI BOX. (b) Sputtering top-side metallization. (c) Top-side isolation etch. (d) Second top-side isolation
with nitride passivation. (e) Deposit of under bump metalization (UBM). (f) Secure to supporting wafer.
(g) Back-side isolation and polydimethylsiloxane (PDMS) filling.

In addition to improving average displacement, the piston and post CMUTs decouple the compliance
of the plate from the mass, which allows greater design flexibility. However, they both present fabrication
challenges. In the piston structure, any misalignment of the piston mass can change the dynamic behavior
of the cell. Fabrication of post CMUTs with high yield has proved complex and challenging [45].

4. Integration of Ultrasonic Transducer Arrays with Electronic Circuits

In ultrasound imaging systems, ultrasound probes typically do not contain any active electronics
when the element count is low (<256), and all the front-end electronics is in the imaging system. For CMUT
arrays this poses a slight problem in the receive chain because of the typically high electrical input
impedance of CMUT array elements. High input impedance combined with long cables result in loss of
valuable signal-to-noise ratio (SNR) for the CMUTs. This problem is mitigated by including low noise
amplifiers and/or buffers inside the probe, which amplify the signal before driving the cables. Even probes
with piezoelectric transducers can benefit from using active electronics. When the element count is high
such that the number of channels in the imaging system cannot match the number of elements in the array,
the ultrasound probe will definitely contain a certain amount of electronics that would take care of some of
the front-end processing and reduce the number of transducer channels to match the number of channels
in the imaging system. In this respect, CMUT technology has a distinctive advantage over piezoelectric
transducer technology because of the variety of electronic integration possibilities it provides. Figure 12
shows three common approaches to electronic integration applied to CMUT arrays.
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Figure 12. Schemes for electronic integration: (a) monolithic integration, (b) multi-chip integration,
(c) hybrid integration.

A unique integration option for CMUTs had been the monolithic integration of the CMUT array with
the electronics in which the CMUT array is built on top of the electronic circuitry directly [46–48]. Recently,
monolithic integration of piezoelectric micromachined ultrasonic transducers (PMUT) with CMOS
electronics have also been achieved by virtue of the same advantage, the compatibility of micromachining
processes with CMOS processes [49,50]. Monolithic integration has always been considered the gold
standard because of the compactness of the result and the elimination of extra integration steps associated
with multi-chip approaches. However, this approach requires high volume production to be economically
feasible, which is probably the reason why it did not find commercial traction until low cost, portable
high volume ultrasound scanners became possible. (e.g., Butterfly Network Inc., Guilford, CT, USA).
Whether a one-dimensional array or a two-dimensional array, monolithic integration provides the best
interface (in terms of parasitics) between the CMUT array and the electronics. In monolithic integration,
first the electronic circuitry (ASIC) is fabricated using a CMOS technology or similar, then the ASIC wafer
is planarized using low temperature deposition and chemical-mechanical polishing (CMP) steps, which
is followed by the CMUT fabrication using the sacrificial release process. There has been some success
reported on using a low-temperature bonding process for CMUT fabrication as well [51].

Multi-chip integration [23,52] has been used to connect 2D CMUT arrays to the electronics for some
time now. In this approach the electronics and the CMUT array are built separately and brought together
using a variety of integration options: flip-chip bonding with solder reflow, with gold stud bumps and
anisotropic conductive films (ACF) or with thermo-compression bonding. These integration methods,
though more practical to apply, are not unique to CMUTs and have been applied to piezoelectric matrix
arrays with great success as well [53,54]. For full 2D arrays where the number of individual connections is
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very high, fanning out interconnects to the sides where conventional interconnect schemes (wire bonding)
can be used become impractical. In that case, flip-chip bonding the 2D CMUT array onto the electronics
becomes a necessity. The amount of electronic integration that can be incorporated into a CMUT probe
varies depending on many parameters, ranging from size to power consumption to the type of application.
We will now look into some of these varieties and their associated electronics.

4.1. Analog Front End Integration for SNR Improvement

CMUTs typically have higher electrical input impedance and suffer from the parasitic capacitance of
the interconnection between the transducer array and the system more than piezoelectric transducer arrays
do. To alleviate this problem, a simple solution has been proposed and implemented. An array of low noise
preamplifiers is integrated into the probe. The preamplifiers are equipped with active or passive switches that
isolate them from the transmit circuitry during high voltage transmit events. After the transmit event the
switches change position and the received signals go through the low noise preamplifiers. These amplifiers
need not have high amplification but should be low noise and be able to drive the low impedance of the cable
and the system front end [55]. Such preamplifiers have already been implemented on standard US front-end
chip sets [56]. To accommodate the high input impedance of the CMUT elements, high input impedance
preamplifiers can be used. When accompanied with buffers high input impedance preamplifiers reduce signal
loss due to the loading of the system cables. However, these preamplifiers are still susceptible to parasitic
capacitances between the preamplifier and the transducer element. In case of high parasitic capacitance
in the CMUT element and between the CMUT element and the preamplifier, transimpedance amplifiers
(aka resistive feedback amplifiers) provide an elegant solution by creating a low impedance node at the
preamplifier input which essentially shunts the parasitic capacitance. Both these approaches provide good
solutions with some gain and wide bandwidth. Another approach is to use capacitive feedback preamplifiers.
These amplifiers are similar to transimpedance amplifiers where the feedback resistor is replaced by a feedback
capacitor. Because the impedance of the capacitor drops with frequency, these amplifier show low-pass
behavior and are somewhat band-limited. On the other hand, because the feedback resistor is eliminated,
capacitive feedback amplifiers show excellent noise performance [57].

4.2. Row-Column Addressing

Row-column addressed CMUTs have found a renewed interest in recent years. The row-column
addressing allows the fabrication of 2D CMUT arrays relatively easily with reduced number of
interconnects [46,58,59]. In this type of array, the bottom electrode is divided into lines (as opposed
to making the whole silicon substrate a single electrode which is typically the case for 1D arrays). The top
electrode on the other hand is also divided into lines that are perpendicular to the bottom electrode
lines. The intersection of these perpendicular lines, which we can refer to as azimuth and elevation
lines, constitute an element of the 2D array. Each element in the array is accessed by accessing the
corresponding row and column electrodes. Hence, only 2N connections are required, rather than N2 to
access all the elements. The electronics associated with row-column addressed CMUTs can be somewhat
more complicated than the front-end electronics for one-dimensional arrays depending on how they are
implemented, but they are a lot simpler than that of fully addressable 2D arrays and produce volumetric
images. Hence, row-column addressed 2D CMUT arrays present a very attractive alternative to fully
addressable 2D arrays. A row-column addressed 2D array can be used as a synthetic 1D array whose
elevation aperture is dynamically changed and electronically scanned in the elevation direction. In this
scenario the azimuth lines are connected to the system channels directly whereas the elevation lines are
connected to the bias voltage(s) through switches. By electronically turning on and off the switches the
elevation aperture is adjusted for each firing [60–62]. Another approach is to switch the elevation and
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azimuth apertures between transmit and receive events while applying Fresnel focusing in the elevation
direction, which provides isotropic resolution in azimuth and elevation directions [46]. In such systems, a
switch matrix is used to selectively connect each azimuth and elevation line to a system channel, to the
bias voltage or to ground. Such a switch matrix can be integrated in any one of the ways described above.

4.3. Catheter Based Imaging Systems

CMUTs have catalyzed considerable progress in catheter based imaging applications where array size
and channel count are severely limited due to physical constraints such as blood vessel diameter. CMUTs offer
elegant solutions to the array size problem. The fabrication flexibility allows manufacturing of small, high
frequency, linear, ring shaped, cylindrical forward looking and side looking arrays. Small element size and
the long cables associated with catheters warrant a higher level of electronic integration at the catheter tip
even for piezoelectric transducers, and only more so for CMUTs. The electronic integration options discussed
above along with fabrication simplicity makes CMUTs a better option for catheter based imaging systems.
To overcome the parasitic capacitance that the cables present CMUTs are integrated with low noise amplifiers
and buffers [21,24,63,64]. The size constraint also limits the number of cables that can run through a catheter.
Hence, reducing the number of channels becomes a necessity. Analog multiplexing of the transducer channels
and applying synthetic aperture imaging can reduce the number of connections to as low as two [65] with
some compromise in the imaging quality and frame rate. A more efficient approach is to integrate TX
beamformers and analog multiplexers with the CMUT array at the catheter tip to reduce the cable count
without compromising the image quality [48,66,67].

4.4. Imaging System on a Chip

Developments in the electronics industry have opened up the way to building ultrasound imaging
systems on a chip. Combined with post processing methods to fabricate CMUTs, it is now possible to build
single chip ultrasound imaging systems. One caveat in this approach is that ultrasound imaging typically
involves a very large dynamic range. Transmit voltages and CMUT DC bias voltages are typically high
voltages (≈100 V), whereas received signals are very low voltages. Maintaining a high signal-to-noise ratio
and frequency bandwidth is probably the most important objective in the receive chain. In addition, there
is the digital component of the imaging system. Combining all of these in a single chip provides the best
signal integrity but may compromise signal quality to some degree. However, HV-BCD processes seems
to overcome such problems [57,67,68]. Building ultrasound imaging systems on a chip or even on multiple
chips paves the way to very low cost, ultra portable ultrasound imaging systems. When combined with
today’s wireless communication capabilities and battery power technologies, such ultrasound systems
turn into flexible, wearable, ingestible standalone ultrasound imaging systems. In our group we have
developed and demonstrated the components of such a system which would go into an ingestible capsule
form and provide the images of the gastrointestinal tract. This capsule combines an ultrasound imaging
system with on-chip transmit and receive beamforming capability, with power management and wireless
transfer circuitry [69,70]. The system acquires US images of the intestinal cross-section and wirelessly
transmits them to a host computer Figure 13. In addition to the high dynamic range requirements, the form
factor of an ingestible US imaging system forces a multichip approach for this integration problem.

4.5. Imaging and HIFU System Integration

CMUTs have two very distinctive advantages when it comes to high intensity focused ultrasound
(HIFU) applications. One of them is the ability to do imaging and HIFU with the same transducer
array given the inherent wide frequency band of the CMUT transducers. The other one is the lack
of a self-heating mechanism in CMUTs (whereas for piezoelectric transducers self heating is the main
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issue). Therefore, CMUT transducer arrays are excellent candidates for dual mode operation. Dual mode
operation usually requires specific electronic circuitry that interfaces the HIFU drivers with the transducer
arrays. In HIFU operation long bursts of sinusoidal signals are used to excite the elements. The pulsers
in the imaging circuitry are usually not efficient enough to generate such kind of long bursts without
overheating, and therefore separate HIFU drivers are needed for dual mode operation. The HIFU driver is
interfaced to the CMUT array and the imaging system with a switch matrix which switches from imaging
to HIFU and back to imaging in a programmable manner to be able to ablate tissue and monitor the
results in real time. In our group we have successfully developed and demonstrated such a dual mode
imaging/HIFU system for ablation in shallow tissue that uses a 2D CMUT array which is flip-chip bonded
to the electronic circuitry [71,72]. The 2D CMUT array consists of dedicated transmit and receive elements.
The transmit elements are connected to a TX beamformer whereas the receive elements are connected to low
noise receive amplifiers. To reduce power consumption in the ASIC, an off-chip, standalone, eight-channel
HIFU driver is used. The ASIC includes high-voltage switches to switch the TX elements between imaging
pulsers and HIFU channels Figure 14. With this integrated device, it is possible to do HIFU (up to 16 MPa
peak to peak pressure at 1 cm focal depth at 5 MHz) and imaging with the same 2D array. As the level
of electronic integration increases thermal management of the transducer array and electronics assembly
start to become an important issue, especially in dual mode systems. For example, even though off-chip
HIFU drivers are used the amount of power dissipation in the high-voltage switches in the ASIC is enough
to increase the probe temperature to unacceptable levels (42 °C US probes). However, the thermal energy
levels involved are modest and is easily managed by basic thermal design considerations.

Figure 13. Capsule US imaging system.

Imaging

Pulser

HIFU

Driver

TX elements

RX elements

TIA Buffer

HV Switch

TX

Beamformer

ASIC Chip

FPGA

System

Figure 14. Dual-mode high intensity focused ultrasound (HIFU) and imaging system with 2D CMUT array
and electronic circuitry (ASIC).

39



Micromachines 2019, 10, 152

5. Applications

As there have already been many applications of CMUTs, we cannot present them all here.
Instead, we have selected applications of particular interest from our own work.

5.1. Medical Ultrasound Imaging

Medical ultrasound imaging is non-ionizing, safe, and therefore broadly accepted for diagnostic
use even for obstetrical applications. Compared to all other imaging modalities, ultrasound imaging is
cheap and portable. These features have made ultrasound imaging a widely used imaging modality in
medicine. We postulate that CMUTs can replace piezoelectric transducers in any medical ultrasound probe.
Butterfly Network has recently released their first probe which is based on a 9000 element 2D CMUT array.
The handheld device plugs directly into a smartphone and emulates both a phased array, convex array and
linear array. A fetal scan carried out with their probe connected to a smartphone is shown in Figure 15.

Figure 15. A fetal B-mode scanned with a CMUT transducer reproduced with permission from Butterfly
Network [73].

5.2. Dual-Mode: HIFU and Imaging with the Same Transducer Array

High-intensity focused ultrasound (HIFU) is a minimally invasive, FDA-approved procedure to
ablate tissue without damaging the surrounding tissue especially closer to the transducer [74]. Well-known
examples of HIFU include targeted ultrasound drug delivery, treatment of uterine fibroids, neurological
disorders, prostate cancer, and other types of cancers [75,76]. For a successful HIFU treatment it is required
to guide the procedure with an imaging modality like ultrasound imaging or MRI. Normally both imaging
modalities are separate from the HIFU system which makes it an engineering task to design a system that
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guarantees co-registration between the HIFU delivery location with the imaging. Here we present a device
where we have combined the imaging and HIFU system into one integrated circuit (IC) that operates on
one 32 × 32 element 2D CMUT array and the co-registration is therefore an integral part of the system.
The IC can switch between HIFU mode and imaging mode on a millisecond scale giving the illusion to the
user that the HIFU ablation and imaging is taking place at the same time. The switching time is limited by
the speed of the DC power supplies. The dual-mode device is shown in Figure 16.

(a)

(b) (c)
Figure 16. (a) The integrated CMUT, IC and flexible printed circuit board (flex PCB) prior to PDMS casting.
(b) 3D imaging result of a wire phantom. (c) HIFU ablation of a piece of ex-vivo tissue. All images from [71].
Reproduced with permission from Jang, J.H. et al., 2015 IEEE International Ultrasonics Symposium (IUS);
published by IEEE Xplore, 2015 [72]. Reproduced with permission from Jang, J.H. et al., 2017 IEEE
International Ultrasonics Symposium (IUS); published by IEEE Xplore, 2017.

5.3. Catheter Based Ultrasound Imaging

An alternative to an imaging and HIFU system that operates as one, is to have a system that eases
the coupling between the two systems and therefore also the co-registration. We present here a CMUT
ring array that has been fully integrated into a catheter assembly with a 12.5 mm OD and 4 mm ID.
The circular catheter form-factor makes it easy to couple and co-register the imaging array with a
center-piece, see Figure 17a, HIFU system or optical fibers for photoacoustic imaging. The catheter
is shown in Figure 17.
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(a) (b) (c)
Figure 17. (a) CMUT ring array. (b) CMUT ring array integrated into a endoscopic assembly. (c) 3D imaging
results of a spring. Images from [24]. Reproduced with permission from Moini, A. et al., 2016 IEEE
International Ultrasonics Symposium (IUS); published by IEEE Xplore, 2016 [66]. Reproduced with
permission from Moini, A. et al., ASME 2015 International Technical Conference and Exhibition on Packaging
and Integration of Electronic and Photonic Microsystems collocated with the ASME 2015 13th International
Conference on Nanochannels, Microchannels, and Minichannels; published by ASME, 2015 [77]. Reproduced
with permission from Choe, J.W. et al., IEEE Transactions on Ultrasonics, Ferroelectrics, and Frequency
Control; published by IEEE Xplore, 2012.

6. Industrialization

Given the obvious advantage of manufacturing CMUTs using silicon integrated circuits processing
technologies, commercialization was considered to be a short distance away from invention. In retrospect,
it has been a fairly rapid path to full industrial products and volume production. The following will
mention a subset of the industrialization effort with no intention of short-changing efforts that are unknown
to the authors.

The first foray into industrialization was Sensant which was founded in 1998 and was eventually
acquired by Siemens in 2005. Sensant started trying to commercialize CMUTs for flow gas metering,
and eventually got into medical imaging. However, no product ever reached the market out of this effort.
In 1998 the ACULAB laboratory at University of Roma Tre started an effort in CMUTs and is providing
their technology for commercialization.

Hitachi Medico succeeded in the development and put into practical use a probe named “Mappie”
that was attached to a system for detecting breast cancer. The system was introduced in 2008 at the
82nd Annual Scientific meeting of the Japan Society of Ultrasonic in Medicine at Tokyo, Japan. In 2017
Hitachi announced an updated system at the RSNA meeting in Chicago and introduced the product in the
US market.

Around the same time frame of 2008, Vermon in Tours, France, introduced CMUT arrays for research
purposes using the sacrificial release technology. These arrays were not available in the US till much
later in time. In 2005, Kolo Technologies was formed and has continued in developing technology to
commercialize CMUTs. Today, Kolo Medical (an outgrowth of Kolo Technologies) specializes in high
frequency CMUT arrays (>25 MHz), and has a strong presence in the US and Suzhou, China.

Butterfly Network inc., a seven years old start-up, has made the most impact in successful
commercialization of CMUTs. In the Fall of 2018, Butterfly announced the introduction of a handheld
probe that plugs to an iPhone to make the full ultrasound imaging system. The system sells for less than
$2000 and is FDA approved for 13 different examinations.

At the most recent IEEE Ultrasonics Symposium in Kobe, Japan, Philips announced that it is making
available design and fabrication capability of CMUTs (operated in collapse mode) for end users. Philips has
been working on CMUTs for a number of years and possesses an excellent technology base.
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Similarly, the Fraunhofer Institute for Photonoic Microsystems (IPMS) has been working on CMUTs
and is commercializing CMUTs for a number of applications both in the medical space and in airborne
ultrasound. IPMS has a previous history in making vibrating ribbons for light modulation (silicon light
valve), a device that is very similar to the CMUT in design and construction.

Another player in the space is Canon, which has been working on 3D real time photoacoustic imaging
systems for breast screening using 2D arrays of CMUTs. It is expected that they will be on the market with
such systems once they receive FDA approval.

Overall, it is estimated that there is a total of about 23 companies offering CMUT products.

7. Discussion

Since its inception 25 years ago, CMUT technology have seen significant developments, especially in
the last decade. With the advance of the modern modeling tools, both analytical and numerical CMUT
models have become accurate and reliable enough to make industrial quality designs possible both for
normal mode and collapse mode of operation. Fabrication processes and electronic integration tools
have also matured to the point that mass production of CMUT probes along with its accompanying
electronics have become economically feasible. As a result, more and more ultrasound imaging companies
have started to incorporate CMUT probes into their systems. The ease of miniaturization and variety of
electronic integration options enabled low-cost, ultra-portable, wireless or with minimal wiring, wearable
or ingestible complete ultrasound imaging systems possible.

CMUTs show distinctive advantages when it comes to high intensity focused ultrasound applications.
The lack of self-heating mechanism and inherent wide frequency bandwidth make CMUTs an excellent
candidate for HIFU and dual mode imaging/HIFU applications. Although this option hasn’t seen a
commercial application yet, primarily because it is an area that is being explored only recently, there has
been successful demonstrations of dual mode operation with CMUTs. The future work on CMUTs is
likely to include its therapeutic uses as well. Some imaging systems have already started including HIFU
capability which should find commercial success in the coming years.
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Abstract: Growing demands for affordable, portable, and reliable optical microendoscopic imaging
devices are attracting research institutes and industries to find new manufacturing methods. However,
the integration of microscopic components into these subsystems is one of today’s challenges in
manufacturing and packaging. Together with this kind of miniaturization more and more functional
parts have to be accommodated in ever smaller spaces. Therefore, solving this challenge with the
use of microelectromechanical systems (MEMS) fabrication technology has opened the promising
opportunities in enabling a wide variety of novel optical microendoscopy to be miniaturized. MEMS
fabrication technology enables abilities to apply batch fabrication methods with high-precision and
to include a wide variety of optical functionalities to the optical components. As a result, MEMS
technology has enabled greater accessibility to advance optical microendoscopy technology to provide
high-resolution and high-performance imaging matching with traditional table-top microscopy.
In this review the latest advancements of MEMS actuators for optical microendoscopy will be
discussed in detail.

Keywords: MEMS actuators; microendoscopy; confocal; two-photon; wide-filed imaging;
photoacoustic; fluorescence; scanner

1. Introduction

Actuation and scanning mechanisms have played important roles in novel microendoscopic
imaging systems. Common challenges in the development of these miniature instruments
are in both design freedom and the integration of miniaturized opto-mechanical components.
Microelectromechanical systems (MEMS) fabrication technologies play a valuable and instrumental
role in solving the aforementioned issues in order to achieve similar performance as traditional
microscopy counterparts. In optical microendoscopy, actuation and scanning mechanisms enable
three-dimensional (3D) image formation in the tiny devices with ultra-compact form factors. The
technical challenges in designing such kinds of components include the generation of a distortion-free
scanning pattern with sufficient speed to mitigate in vivo motion artifacts with millimeter package
dimensions. To realize in vivo tissue imaging on living subjects, 5 Hz or faster frame rates are usually
required to accommodate movements induced by several factors, such as respiratory displacement,
heart beating, and organ peristalsis.

The size of the MEMS actuators determines their mounted locations at either the proximal or
distal end of the instrument. A much greater control of the focal volume, including axial scanning for
imaging into the tissue, can be achieved with the MEMS actuators positioned distally. However, their
typical sizes mounted at the distal end of the instrument should be less than 5.5 mm (for example,
fitting the Olympus therapeutic endoscope) in order to be compatible with the tool channel of a
standard medical endoscope [1].
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A spiral scanner consists of a tubular piezoelectric actuator (small diameter <1 mm) that drives
the distal tip of a single-mode (SM) optical fiber using modulated sinusoidal waveforms around
the resonant frequency [2]. This approach has been successfully implemented in the scanning
fiber endoscope (SFE) with wide-field fluorescence imaging and in representative multi-photon
microendoscopes. Compared to the raster scanning, the spiral scan pattern can achieve higher frame
rates with large amplitude. Micro-motor-based rotational scanning mechanisms steer the laser beam
circumferentially around the longitudinal axis of the endoscope after a 45◦ deflection off a reflective
mirror or prism. Similar methods have been widely used in optical coherence tomography (OCT)
and photoacoustic (PA) endoscopes. The galvo-scanner, reliable but aging technology, is a meso-scale
electromechanical mechanism that performs beam scanning by deflecting a mounted mirror coated
with aluminum or gold depending on the effective wavelength range. The relatively large size limits
its use to steering a focused beam into the proximal end of a coherent bundle of optical fibers. This
technique has been used in fiber bundle-based confocal microendoscopy (Cellvizio, Mauna Kea
Technologies, Paris, France) [3]. The bulky galvo scanner at the proximal end provides deflections in
the slow axis and is used with a resonant mirror that performs fast-axis scanning.

Micromirrors have been developed with microelectromechanical systems (MEMS) technologies
that use either electrothermal or electrostatic actuators to achieve large deflection angles and high
dynamic bandwidths with excellent linearity. These scanners can be batch fabricated on silicon
wafers to achieve devices with relatively high yield. MEMS actuators and scanners usually require
sophisticated micro-fabrication processes but have great flexibility in scanning speed and device
dimensions/geometries. Based on different working principles, there are some typical types of
actuation mechanisms for MEMS actuators in microendoscopes [4–7], including bulky piezoelectric
tubing, electrostatic comb-drive or plates, electro-thermal, electro-magnetic, and thin-film piezoelectric
materials. Thus far, electrostatic devices are most commonly applied in microendoscope development
because of their relative fast scan speeds with ultra-low power consumption (from very low current
consumption). However, one of the disadvantages of the electrostatic MEMS devices, relative high
driving voltage (>100 V), might become a major concern for clinically translational use in the event of
electrical short circuit from the MEMS devices. Recently, some novel electrostatic resonant 2D scanners
operating at low driving voltage can potentially resolve this issue. On the other hand, the novel
thin-film piezoelectric materials actuated MEMS devices have excellent performance with relatively
low driving voltage (<20 V) and ultra-low power consumption and may be the future for scanners
and actuators in endomicroscopy [8–10]. The low fill-in factor (<50%) of existing micromirrors is a
common problem that may be solved by micro-assembly or advanced manufacturing processes [7].

This review is intended to present some representative examples of many exciting optical
microendoscopy being pursued around the world based on MEMS actuators.

2. Overview of Optical Imaging Modalities

Various optical imaging modalities implemented so far with MEMS actuation technologies will be
given as a preview here, including OCT, PA, confocal microscopy (CM), and multiphoton microscope.

By using the short coherence length of a broadband light source, the resolution of OCT can
achieve around 1 μm to 15 μm, which usually depends on the light source employed, including
supercontinuum white light lasers. OCT imaging system usually has deep tissue penetration up to
3 mm, which is sufficient for imaging of the whole epithelial layer. Furthermore, to realize 3D imaging,
2D lateral scans need to be realized by a moving stage or a scanning mirror (SM). Two-dimensional
(2D) MEMS actuators are often used for 3D imaging, although there are some alternative approaches
with conventional cable-based actuation and scanning mechanisms driven by rotation motors and
pulling stations. The OCT imaging system has been successfully applied to ophthalmology and widely
used in clinics since its first seminal report [11]. In addition, researchers have made tremendous efforts
on the miniaturization and clinical translation of the OCT system for many kinds of applications on
hollow organs [12], including colon, esophagus, bladders, and lung.
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Recently, photoacoustic (PA) microscopy has become an emerging and promising imaging
technology with several advantages [13], in terms of the tissue penetration, high spatial resolution,
and contrast. Based on the light-tissue-sound interaction, the novel imaging modality acquires 3D
images through detecting an acoustic wave generated by rapid thermoelastic expansion induced by
pulsed laser beam absorption in the tissue specimens. In summary, two representative photoacoustic
microscopic imaging systems have been demonstrated, including optical resolution photoacoustic
microscopy (so called OR-PAM) and acoustic resolution photoacoustic microscopy (so called AR-PAM).
MEMS actuation technologies enable compact photoacoustic microendoscopes and have been
developed by several research groups, which will be introduced in detail later.

Based on the continuous-wave (CW) laser, confocal microscopy provides imaging contrast with
subcellular resolution optical sectioning capability via a pinhole [14]. The confocal microscope
acquires 3D images by stacking two-dimensional lateral (x-y) images (plane by plane) along the
z-axis, by utilizing a two-dimensional galvo-scanner and piezo-actuated objective lens. Due to
the conventional pre-objective scanning configuration, only a limited field-of-view (FOV) can be
realized with a high numerical aperture (NA). Reflective and fluorescence imaging modes are often
used for confocal microscopy. While operating in the reflective mode, the confocal microscopy
relies on the backscattered light from the tissue and provide morphological information of tissues.
On the other hand, fluorescence imaging in conjunction of fluorophore labeling will provide a signal
from microstructures with relatively high specificity, high sensitivity, and bright contrast. Bench-top
commercial confocal microscopic imaging system with bulky objective lenses have been widely
used for ex vivo or intra-vital imaging in biomedical research laboratories. By taking advantage
of the MEMS-based actuation technologies, confocal microendoscopes have been developed based
on different architectures, including conventional single-axis with pre-objective scanning and new
dual-axis with post-objective scanning [1], which will be introduced later in the section on MEMS-based
confocal microendoscopy. The traditional single-axis architecture uses high-NA objective lenses
that provide high resolution, but limit the working distance significantly. In the novel dual-axis
confocal architecture, relatively larger FOV and longer working distance can be realized by the
system design consisting of a low numerical aperture lens and scanning elements located right at the
post-objective position.

Different from the working principle of confocal microscopy, the two-photon microscopic imaging
system is mainly based in nonlinear light-tissue interactions [15,16]. The fluorescence emission signal
can be generated while two lower-energy (longer wavelength) photons in the near-infrared (NIR, more
than 800 nm) regime arrive at tissue biomolecules simultaneously. To collect the weak fluorescence
emission signal, sensitive detectors, such as avalanche photodiodes (APDs) and photomultiplier tubes
(PMTs), are usually employed. High peak intensity femtosecond (fs) pulse lasers (~10–200 fs) are
required for the two-photon microscopic imaging because the probability of the simultaneous two
photon absorption by a single fluorophore is relatively low. With a high numerical aperture objective
lens, the fluorescence emission signal will be acquired only from the focus plane. In addition, with
the longer wavelength used in two-photon microscopic imaging, it enables deep tissue penetration
and stronger imaging contrast with relatively lower photo-bleaching and photo-damage to the tissue
specimens. Thanks to the rapid development of advanced fiber optics and fiber laser technologies,
ultra-compact MEMS-actuated two photon microendoscopes have been successfully demonstrated for
basic biological studies (like neural circuit imaging) and clinically translational applications [17]. For
delivering a high-intensity, ultrafast pulse laser with minimal distortion, photonic crystal fibers (PCFs)
have been developed and widely used in microendoscopic imaging systems [17].

3. MEMS-Based Optical Coherence Tomography (OCT) Microendoscopy

Since the first electro-thermal MEMS 2D scanner-based OCT endoscopic prototype [18] was
demonstrated, researchers have developed several types of MEMS-based OCT microendoscopes [19,20].
Although traditional electromagnetic micro-motor based OCT catheters have already been widely

51



Micromachines 2019, 10, 85

used for in vivo imaging on small animal models or human patients [21–23], mass-producible MEMS
actuator-enabled OCT microendoscopes will very likely become the future trend because MEMS-based
micro-devices have many advantages, especially in terms of the miniaturization potential and
repeatability. MEMS-based micro-devices may be based on various working principles and actuation
mechanisms, such as electrostatic [24–29], electrothermal [18,30–33], bulky PZT-based fiber scan
tube [34–39], and electromagnetics [40].

Among the variety of micro-devices, the electrostatic comb-drive-actuated MEMS scanner is a
popular one [24–29]. For example, one of the representative MEMS-based OCT microendoscopes,
as shown in Figure 1 [28], has utilized an electrostatic MEMS scanner [25] driven by angled vertical
comb (AVC) actuators for a large tilting angle. The effective mirror aperture’s diameter is as large
as 1 mm, which is sufficient to reflect the light beam for side-view high-resolution imaging with
the MEMS-based endoscopic catheter. The single-mode fiber (SMF), fiber collimator, and the MEMS
scanner are fully integrated in an aluminum-based packaging. The detailed fiber-based optical system
design of the time-domain OCT imaging system and the real-time data acquisition system with high
sampling speed are illustrated in Figure 2a. Three-dimensional OCT image volumes acquired in vitro
from a hamster cheek pouch are shown in Figure 2b. Both horizontal (also called en-face) and vertical
cross-sectional plane images extracted from the 3D OCT volume, in Figure 2c, have demonstrated
high-resolution morphological changes inside the tissue specimen.

Figure 1. (a) Scanning electron micrograph of the MEMS two-axis optical scanner. The scanner has
a large 1 mm diameter mirror and uses angled vertical comb (AVC) actuators to produce a large
angle scan for high-resolution imaging. (b) Optical schematic and mechanical drawing of the optical
coherence tomography (OCT) catheter endoscope. SMF: single mode fiber, FC: fiber collimator, AL:
aluminum. Reproduced with permission from [28]; published by OSA, 2007.

Figure 2. (a) OCT system schematic for imaging with the MEMS endoscope. PC: polarization control,
AGC: air-gap coupling, Det: detector, Amp: amplifier, D/A: digital to analog Converter; OCT images
acquired with the MEMS scanning catheter. (b) Three-dimensional rendering of the OCT volume
dataset from a hamster cheek pouch; and (c) the serial cross-sections and en-face plane extracted from a
3D OCT volume of a hamster cheek pouch acquired in vitro. Reproduced with permission from [28];
published by OSA, 2007.

Most recently, a novel MEMS-based OCT microendoscope with circumferential-scanning has
been developed by the engineering team led by Xie from the University of Florida [41] through a
unique optical design utilizing multiple electrothermal MEMS scanners. An array of ultra-compact
electro-thermally actuated MEMS scanners (Figure 3a) are integrated at the distal end of the catheter
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to reflect collimated beams, as shown in Figure 3b,c. Flexible printed circuit boards (FPCB) provide
driving current for electrothermal scanners. All of the micro-optical components and MEMS-based
circumferential scanning systems have been fully integrated and assembled in a compact form factor
(Figure 3e) for potential in vivo imaging application in the human gastrointestinal (GI) tract. The
fiber-based collimating system is used for laser excitation, as shown in Figure 3f.

Figure 3. Electrothermal MEMS scanner-based OCT catheter. (a) A SEM image of the MEMS scanner.
(b) The schematic 3D drawing of the probe design. A: 3D-printed probe head; B: C-lens collimators;
C: the MEMS chips; D: FPCB. (c) A zoom-in picture showing the C-lens collimators and MEMS chips.
(d) A back-view picture showing the flexible printed circuit boards (FPCBs) folded into the hollow hole.
(e) A photo of the assembled probe (pictured with a Chinese Yuan coin). (f) Photograph of the OCT
probe with laser beam scanning. Reproduced with permission from [41]; published by OSA, 2018.

4. MEMS-Based Photoacoustic Microendoscopy

A MEMS scanner-based photoacoustic microscope (PAM) system’s conceptual design has been
demonstrated by Chen [42] by taking advantages of both an optical micro-ring resonator and
electrostatic comb-drive-actuated MEMS scanner. The ultrasensitive micro-ring resonator with broad
bandwidth, developed by Ling [43], is one type of micro-/nano-photonic device which sense an
ultrasonic signal using optical approaches. As shown in Figure 4a, a fiber-based optical system
setup with pulse laser excitation (wavelength 532 nm), MEMS mirror driving system, real-time data
acquisition system has been described in the schematic drawing. The electrostatic MEMS scanner
within the package, in Figure 4b, provides the lateral laser beam point-scanning in raster scanning mode
at a slow rate. This new PAM imaging system can provide ex vivo optical resolution photoacoustic
images of the tissue. To detect the weak photoacoustic signal, the micro-ring resonator is located right
under the tissue specimen with acoustic signal coupling media, such as water or ultrasonic gel.

Figure 4. MEMS-based optical resolution photoacoustic microscope. (a) Schematic of the MEMS-based
optical resolution photoacoustic microscopy (OR-PAM) system and (b) photography of the MEMS
mirror. Reproduced with permission from [42]; published by OSA, 2012.

To realize the photoacoustic microscopic system in more portable or endoscope-friendly form
factor, researchers have been making tremendous efforts on the miniaturization of the imaging
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system design and the distal scanhead with MEMS technologies. A new handheld photoacoustic
microscope (PAM) probe [40], as shown in Figure 5, has been developed recently for potential
clinical application. The distal scanhead of the handheld PAM system, 17 mm in diameter and
a weight of 162 g, mainly consists of the fiber-based collimator, ultrasound detector, acoustic and
photonic beam coupler, and beam scanning system. The handheld PAM system has integrated a newly
custom-developed electromagnetic MEMS 2D scanner, shown in Figure 5a. The schematic drawing of
the full imaging system is illustrated in Figure 5b, including the high-speed data acquisition system,
ultrasonic transducer, and fiber based optics. High-resolution imaging quality with a large FOV using
this handheld PAM system has been demonstrated by imaging the blood vessel of a mouse ear, shown
in Figure 6. The PAM imaging system has also been used to delineate a human mole to demonstrate
its clinical application in delineating melanoma which has the highest death rate among skin cancers
and may cause about 9730 deaths the United States.

Figure 5. Handheld photoacoustic microscopy (PAM) probe. (a) Electromagnetic scanner. (b) Schematic
of the handheld system. AL: acoustic lens; AMP: amplifier; COM: computer; EM: electromagnets;
FC: fiber collimator; LDA: light delivery assembly; MS: MEMS scanner; OL: objective lens; OUC:
opto-ultrasound combiner; SMF: single mode fiber; UT: ultrasonic transducer. (c) Photograph of the
handheld PAM probe. Reproduced with permission from [38]; published by Nature, 2017.

Figure 6. Extension of field-of-view (FOV). (a) Single PA MAP image of a mouse ear with an extended
FOV (2.8 × 2 mm). (b) Depth map image corresponding to PA MAP image (a). Reproduced with
permission from [38]; published by Nature, 2017.

Based on an advanced ultra-compact electrothermal MEMS 2D scanner, a novel miniaturized
MEMS-based photoacoustic (PA) microendoscope has been recently developed through collaborative
team work led by Xi and Xie [44]. This work has been the most advanced PA microendoscopic imaging
system and is close to clinical application. The cross-sectional view photograph of the endoscopic
packaging is shown in Figure 7a, including a GRIN lens-based fiber-based collimator, electrothermal
MEMS scanner, and optical and acoustic coupler. The new MEMS-based PA microendoscope can
acquire high-resolution photoacoustic images of tissue specimens. The image performance of this new
photoacoustic microendoscope has been demonstrated on a mouse ear, as shown in Figure 8c.
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Figure 7. MEMS-based photoacoustic (PA) microendoscope. (a) Photograph of the assembled imaging
probe. (b) Photograph of the electrothermal MEMS mirror. F: fiber; CF: ceramic ferrule; GL: GRIN lens;
MEMS mirror; UST, ultrasound transducer; C, cube. (c) High-resolution photoacoustic imaging of a
mouse ear, the MAP image (left) was acquired with 20 sub images and two typical subimage (right)
indicated by the dashed rectangle. Reproduced with permission from [44]; published by OSA, 2017.

Figure 8. Electrothermal MEMS scanner-based confocal microendoscope. (a) Schematic 3D drawing of
the microendoscope design. (b) Photograph of the assembled microendoscopic probe with US coin
as a reference. (c) Photograph of an assembled tunable lens on the electrothermal MEMS scanner.
Reproduced with permission from [45]; published by Elsevier, 2014.

Thus far, several miniaturized photoacoustic microendoscopes have been developed using
electromagnetic [46–48] or electrothermal scanners [44]. To co-axially steer both laser and ultrasonic
beams, a water-immersible electromagnetic MEMS scanner [48] has been custom-made to operate in
the ultrasound coupling media. Due to the high detection sensitivity and broader bandwidth with
very compact form factor, a micro-ring resonator [43,49–52] has attracted more attention and been fully
explored, such as the transparent micro-ring for microendoscope applications [51,52].

5. MEMS-Based Confocal Microendoscopy

Compared to other relatively new imaging modalities, confocal microscopy has been studied for
decades. MEMS-based confocal microendoscopes were invented a long time ago since the first seminal
work demonstrated by Kino and Dickensheets [53]. Later, researchers have focused on improving
the lateral or axial resolution and depth imaging while miniaturizing the confocal microendoscopes
using MEMS technologies. For instance, the new MEMS-based 3D confocal microendoscope with
a tunable Z-focus has been developed by Xie’s team [45] using an advanced electrothermal MEMS
scanner with tunable objective lens mounted in the center of the moving Z-axis stage with large
translational movement (>300 μm) at low voltage. As shown in Figure 8, the MEMS-actuated tunable
objective lens is located at the distal end, which is very close to the tissue specimen. By being fully
packaged in stainless steel tubing, the fiber-based microendoscope could potentially be applied for
clinical applications on humans (Figure 8b).
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Another interesting electrothermally-actuated MEMS fiber scanner has also been invented and
fully integrated into the MEMS-based confocal microendoscope [54]. A SEM image of the compact
electrothermal MEMS fiber scanner is shown in Figure 9b. As shown in Figure 9, the team from
KAIST [54] has recently developed a novel scanning fiber-enabled ultra-thin confocal microendoscope
which can be easily inserted into the miniature tool channel of the medical laparoscope, shown in
Figure 9c.

Figure 9. Electrothermal MEMS fiber scanner-based confocal microendoscope. (a) Schematic drawing
of the catheter with a Lissajous scanner. The MEMS fiber scanner is fabricated for flip-chip bonding,
which minimized the electrical packaging dimensions, resulting in the scanner package being 1.65 mm
in diameter. (b) Top-view SEM image of the fabricated microactuator. The footprint dimension indicates
1 mm × 5 mm × 0.43 mm; (c) Photograph of the packaged catheter assembled to the laparoscopic
functional channel. Reproduced with permission from [54]; published by OSA, 2018.

Compared to the conventional single-axis confocal architecture [45], the novel dual-axis confocal
(DAC) configuration offers superior dynamic range in the Z-axis with higher axial resolution. Based
on the fully-scalable DAC optics architecture, miniaturization using 2D/3D MEMS scanners and
micro-optics have been performed during the past ten years. Both electrostatic MEMS scanners and
thin-film piezo-electrical (PZT: lead zirconate titanate)-based MEMS scanners have been developed for
MEMS-based DAC microendoscopy.

A monolithic thin-film piezo-electrical MEMS scanner [55] (footprint in less than 3.2 mm by
3.0 mm), with both vertical (Z-axis) and lateral (X-axis or Y-axis) scanning capabilities, has been
demonstrated for the first time to perform horizontal and vertical cross-sectional imaging. The
schematic drawing (Figure 10a) illustrates the integration of the thin-film PZT-based MEMS scanner
with multidimensional freedom inside the optical design of the DAC microendoscope. A photograph
of the thin-film PZT based MEMS device, which provides large translational motion for Z-axis focus
change (>200 μm) and wide tilting angle (>± 5◦ mechanically) for lateral scanning, is shown in
Figure 10b.

Although new thin-film PZT-based MEMS scanners show promising technical advantages
over conventional MEMS devices, their micro-machining processes are still challenging due to the
complexity of preparation and patterning of thin-film piezo-electrical materials. On the other hand,
the traditional electrostatic MEMS scanner [56–60] has recently been fully explored with unique
mechanical flexure designs to meet the requirements from 3D confocal microendoscopic imaging
systems [61–65]. As shown in Figure 11, a novel monolithic electrostatic MEMS scanner with switchable
lateral and vertical scanning capabilities have been successfully demonstrated with a compact footprint
(<3.2 mm × 3.0 mm) for DAC microendoscopes. The new electrostatic scanner is based on the
parametric resonance working principle with an in-plane comb-drive configuration. Through design
optimization, the driving voltage can be close to 40 V, which is safe for human patients. With
cross-sectional depth imaging, MEMS-based DAC microendoscopes may potentially be used for
molecular contrast agent-based multi-color fluorescence imaging [66–69] for colorectal cancer early
detection in the human gastrointestinal tract.
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Figure 10. MEMS-based dual-axis confocal (DAC) microendoscope. (a) Schematic drawing of the
MEMS vertical-rotational stage scanning for cross-sectional imaging with the DAC microendoscope.
(b) Photograph of the vertical-rotational MEMS scanning stage based on an active outer vertical
displacement and a passive inner resonant scanning. Inset: Variant with solid dog-bone mirror surface
for the DAC microscope. Reproduced with permission from [55]; published by IEEE, 2014.

Figure 11. Electrostatic MEMS scanner with switchable lateral and vertical scanning capability.
(a) Demonstration of the lateral X-axis and Y-axis scanning for horizontal cross-sectional imaging.
(b) Demonstration of the translational Z-axis scanning for vertical cross-sectional imaging. Reproduced
with permission from [48]; published by OSA, 2016.

By combining two separate electrostatic MEMS scanners, lateral (XY) and vertical (Z-axis)
scanners [70], respectively, a new 3D MEMS scan engine-based DAC microendoscope with multi-color
achromatic optics design could perform real-time 3D volumetric imaging in the tissue specimen for
both clinical applications and system biology studies on live rodents. Furthermore, monolithic multiple
degree-of-freedom or a 3D thin-film PZT-actuated micro-stage [8–10] will also potentially provide the
3D imaging without increasing the optical design complexity. As alternative approaches for miniature
confocal system design, tunable optics-based [71] and micro-grating-based spectral encoded confocal
microendoscopes [72] can realize depth imaging and en-face imaging with fewer scanning components.

6. MEMS-Based Multiphoton Microendoscopy

Not only being used in OCT and confocal system, electrostatic MEMS scanners have already
demonstrated their critical roles for miniaturized multiphoton microendoscopic imaging system
development since the first prototype was demonstrated by Piyawattanametha in 2006 for mice
brain in vivo imaging [73,74]. Extended applications [75–77] have also been studied using the
electrostatic MEMS 2D scanner-enabled multiphoton microendoscope, including femtosecond
laser-based microsurgery [77].

Recently, handheld and endoscopic multiphoton microscopes have been developed with
custom-made electrostatic MEMS 2D scanners [78] and Er-doped fiber laser [79,80]. For example,
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as shown in Figure 12, a new MEMS based two-photon fluorescent microendoscope [78] with a
compact distal end is packaged in the stainless steel tube. The 2D MEMS resonant gimbal-based
scanner can perform a lateral scan around the X- and Y-axes. With administration of Hoechst (nucleic
acid stain), in vivo fluorescence imaging has been demonstrated in the distal colon of CDX2P-NLS
Cre;adenomatosis polyposis coli (CPC;Apc) mouse model, which mimics human colorectal cancer
diseases, as shown in Figure 13. A single-frame from a video sequence is shown in Figure 13a while the
post-processed image after averaging (5 frames) is shown in Figure 13b. Compared to the images of H
and E slides, the sub-cellular high-resolution microscopic imaging system could potentially provide
histology-like imaging.

Figure 12. MEMS-based two-photon microendoscope. (a) Schematic CAD drawing of the optical
circuit. (b) Distal end of focusing optics. (c) Handheld instrument which is used to perform repetitive
imaging in small animal models of human disease. (d) Photograph of the MEMS scanner wire bonded
on the substrate. Reproduced with permission from [78]; published by OSA, 2015.

Figure 13. Fluorescent imaging results using the MEMS-based two-photon microendoscope.
(a) Two-photon excited fluorescence image of normal colonic mucosa. (b) In-vivo image from normal
averaged over five frames. (c) Corresponding histology of normal colon. Single frame from video
of dysplastic crypts from colon of CPC; adenomatosis polyposis coli (Apc) mouse (d) In vivo at
5 frames/s and (e) In vivo image (averaged over five frames). (f) Corresponding histology of dysplasia.
Reproduced with permission from [78]; published by OSA, 2015.

Due to the footprint size of the electrostatic MEMS scanner, the distal end of the microendoscopic
scanhead could not be easily miniaturized to less than 2.0 mm. However, the bulk PZT tube-based fiber
scanner could potentially be fabricated with an ultra-thin wall and an outer diameter less than 1.5 mm
so that the piezo tube fiber scanner enabled multiphoton microscope’s distal end could be very small.
Fiber scanner-based miniaturized multiphoton microscope was first demonstrated by Helmchen and
Denk in 2001 for in vivo imaging on rodents’ brains [81]. In addition, similar to the very small piezo
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tube-based fiber scanner [82,83], a bulk piezo sheet-based 2D raster-mode fiber scanner has also been
investigated for multiphoton microendoscopic label-free imaging on unstained tissue specimens [84].

Based on the extensive experience on the multiphoton imaging system development, the team
led by Li at Johns Hopkins University has recently developed a novel piezo tube-based fiber
scanner-enabled miniaturized two-photon and second harmonic imaging system [85]. Aimed for
label-free functional histology in vivo, the new fiber-optic scanning two-photon endomicroscope
mainly consists of several key components, including a flexible double cladding fiber (DCF) for
laser excitation and harvesting emission light, GRIN lens, and the very small piezo tube-based fiber
scanner. A miniaturized custom-made objective with longitudinal focal shift has been developed by
collaborating with GRINTECH (GmbH, Jena, Germany). A phase diffractive grating is sandwiched
between two GRIN elements, as shown in Figure 14b.

Figure 14. Fiber optic scanning two-photon endomicroscope. (a) Schematic drawing of the
mechanical assembly based on double cladding fiber (DCF), the bottom inset is the photograph
of the endomicroscope with an outer diameter of about 2.1 mm and a rigid length of about 35 mm.
(b) Miniature custom-made objective and longitudinal focal shift. A phase diffractive grating is
sandwiched between two GRIN elements. The fiber- and sample-side WDs are designed to be 200 μm
in air and water. Reproduced with permission from [85]; published by Nature, 2017.

The novel fiber optic multiphoton microendoscope developed by Liang [85] performs both
two-photon fluorescence (2PF) and second harmonic generation (SHG) label-free structural imaging
in vivo on small animal and human patients. As shown in Figure 15a,b, the overlay of intrinsic 2PF
and SHG images have been acquired ex vivo from mouse liver. The emission signal was detected
through two spectral channels: 496–665 nm (green, 2PF signal) and 435–455 nm (red, SHG signal).
Figure 15c,d show the in vivo two-photon auto-fluorescence images of the mucosa of mouse small
intestine, while the two detection channels are 417–477 nm for NADH (green) and 496–665 nm for
FAD (red). Time-lapse SHG images of a cervical collagen fiber network have been acquired through
intact ectocervical epithelium of cervices dissected from preterm-birth mouse models Figure 15e and
normal pregnant mice (Figure 15f) at gestation day 15.

Electrostatic comb-drive actuated MEMS scanner and piezo fiber scanners have demonstrated
their great potential in the development of multiphoton microendoscopes. In addition to those
two actuation mechanisms, electrothermal MEMS scanners [86,87] have also been proposed for
fiber scanning in the multiphoton imaging system although it may not be quite ready for clinical
applications yet.
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Figure 15. Endomicroscopy two-photon fluorescence (2PF) and second harmonic generation (SHG)
label-free structural imaging. (a,b) Overlay of intrinsic 2PF and SHG ex vivo images of mouse liver.
(c,d) Two-photon autofluorescence in vivo images of the mucosa of mouse small intestine. The two
detection channels are 417–477 nm for NADH (green) and 496–665 nm for FAD (red). (e,f) SHG images
of the cervical collagen fiber network acquired through intact ectocervical epithelium of cervices. Scale
bars are 10 μm. Reproduced with permission from [85]; published by Nature, 2017.

7. Fluorescence Wide-Field Endoscopy

Since its first application in the scanning-probe microscopes, miniaturized piezo tube based
fiber scanner have demonstrated its great potential in several optical imaging modalities, such as
OCT [34,36], or multiphoton [82,88]. By taking advantages of its ultra-thin form factor, the piezo
tube has also been used in the scanning fiber endoscope (SFE) for wide-field imaging with both
reflective [2] and fluorescent modes [89]. Compared to other MEMS scanner-based fluorescence
imaging systems [90], the SFE-based endoscopic imaging system could have a much smaller outer
diameter. Recently, Savastano and Zhou have demonstrated multimodal laser-based angioscopy [91]
for structural, chemical, and biological imaging of atherosclerosis using the miniature catheter imaging
system. As shown in Figure 16a, the scanning fiber endoscope excites tissues by scanning blue (424 nm),
green (488 nm), and red lasers (642 nm) in a spiral pattern. Backscattered (reflectance) light and the
fluorescent signal is collected by a ring of multimode fibers located in the periphery of the scanner
housing and shaft and conducted to a data acquisition computer for image reconstruction. The optical
system can be packaged with an outer diameter of 2.1 mm (left) or 1.2 mm (right) endoscopes, as
shown in Figure 16b.

Figure 16. Scanning fiber endoscope optics and fluorescence spectrometry of major structural
constituents of atherosclerotic plaques. (a) The scanning fiber endoscope excites tissues by scanning
blue (424 nm), green (488 nm), and red lasers (642 nm) in a spiral pattern. Backscattered (reflectance)
light and fluorescent signal is collected by a ring of optical fibers located in the periphery of the scanner
housing and shaft, and conducted to a computer for image generation. (b) The optical system can
be mounted in 2.1 mm (left) or 1.2 mm (right) endoscopes. Reproduced with permission from [91];
published by Nature, 2017.
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A description and summary of performance for several different MEMS scanning mechanisms
that are currently being developed for in vivo endomicroscopy are summarized in Table 1.

Table 1. MEMS scanning mechanisms developed for in vivo optical endomicroscopy.

Imaging
Modality

Scan Res (μm) FOV
Frame

Rate (Hz)
Applications Advantages Disadvantages

Fluorescent
Wide-Field Piezo 100–300 ~70–90◦ ~30

GI, respiratory,
ear, urinary,

reproductive
tracts,

High imaging speed,
inexpensive laser source,
minimal moving parts,

commercial devices exist

Relatively low
resolution and contrast,

no depth sectioning

Single-axis
Confocal

Piezo, PZT,
Electrostatic,

Electrothermal,
Magnetic

0.5–5 0–150◦ >2

GI, respiratory,
ear, urinary,

reproductive
tracts

High sensitivity provide
functional information

miniaturization through
proximal or distal ends

commercial devices exist

Limited contrast and
wavelength, limited

tissue penetration
(<100 μm), limited
working distance,

increased aberration
due to high NA optics

Dual-axis
Confocal Electrostatic 3–6 250–1000 μm >15

Skin, GI tract,
liver, head and

neck,
pancreas,

Effective out-of-focus
rejection of scattered light

for high contrast, deep
tissue penetration

(~400 μm), relatively
isotropic resolution

Low NA optics limits
sensitivity, challenging

alignment of a
dual-beam

configuration

OCT

Piezo, PZT,
Electrostatic,

Electrothermal,
Magnetic

1–15 2000–5000 μm >60

GI, respiratory,
ear, urinary,

reproductive
tracts

Impressive miniaturization,
high sensitivity, dynamic

range, high imaging speed,
deep tissue penetration

(a few mm)

Label-free imaging,
expensive detector

array, Short dynamic
range along depth

Two-photon

Piezo, PZT,
Electrostatic,

Electrothermal,
Magnetic

0.5–2 200–500 μm >5 GI, respiratory,
tracts

High resolution and
contrast, deep tissue

penetration (~500 μm
~1 mm) less photobleaching

and phototoxicity,
Commercial devices exist

Relatively expensive
laser source and optics,

need dispersion
compensation or special

fibers to maintain
pulse shape

Optical
resolution

photoacoustic
microscope
(OR-PAM)

Electrostatic
and

Electrothermal
~5 1000 μm 10 Breast, brain

High spatial resolution and
contrast high imaging

speed, deep tissue
penetration (a few mm)

Relatively expensive
laser source progress on

miniaturization is
still ongoing

8. Conclusions

In this review, we present a review of the latest advancements of MEMS actuator-based
optical microendoscopy. High precision in manufacturing coupled with various optical/mechanical
functionalities derived from MEMS fabrication techniques make these components well suited to
integrate into many optical based microendoscopy. Nonetheless, it is crucial to gain understandings of
other underlying principles, such as life-cycle, sizes, speed, material properties, force, operating ranges,
and power consumptions to achieve optimum performance before uniting all components altogether.
In addition, clinical considerations, such as usage simplicity and ergonomics, cannot be overlooked as
those parameters are used to dictate the overall designs and selections of MEMS actuators for optical
microendoscopy. Overall, electrostatic-based actuation is one of the most popular actuators employed
in endoscopic-based imaging despite the fact that it provides both relatively moderate actuation force
and limited scanning ranges. However, the advantages are their ease of fabrication, lower complexity
of integration to endoscope packages, and relative fast scanning speed to help reduce motion artifacts.
All in all, MEMS actuator-based optical microendoscopy has been showing great promise to deliver
high-performance imaging on par with traditional microscopy in aiding medical diagnosis procedures.
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Abbreviations

The following abbreviations are used in this manuscript:

PCF Photonics band gap fiber
PZT Lead zirconate titanate
OCT Optical coherent tomography
DAC Dual-axis confocal
FOV Field-of-view
PMT Photomultiplier tubes
APD Avalanche photodiode
NA Numerical aperture
DCF Double clad fiber
PAM Photoacoustic microscope
PA Photoacoustic
UST Ultrasound transducer
3D Three-dimensional
MEMS Microelectromechanical Systems
GRIN Graded index
CPC;Apc CDX2P-NLS Cre;adenomatosis polyposis coli
GI Gastrointestinal
WD Working distance
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Abstract: Photoacoustic imaging (PAI) is a new biomedical imaging technology currently in the
spotlight providing a hybrid contrast mechanism and excellent spatial resolution in the biological
tissues. It has been extensively studied for preclinical and clinical applications taking advantage
of its ability to provide anatomical and functional information of live bodies noninvasively.
Recently, microelectromechanical systems (MEMS) technologies, particularly actuators and sensors,
have contributed to improving the PAI system performance, further expanding the research fields.
This review introduces cutting-edge MEMS technologies for PAI and summarizes the recent advances
of scanning mirrors and detectors in MEMS.

Keywords: photoacoustic imaging; microelectromechanical systems (MEMS); MEMS scanning mirror;
micromachined US transducer; microring resonator; acoustic delay line

1. Introduction

Photoacoustic imaging (PAI) is a new rapidly growing biomedical imaging tool that is based
on the photoacoustic (PA) effect using the configuration of light excitation and the ultrasound (US)
capture. It has opto-ultrasound contrast mechanisms and multi-scale imaging ability. Thanks to
the characteristics of PA wave generation, PAI enables visualization of relatively deep biological
tissues (i.e., from a few millimeters to a few centimeters) as compared to typical pure optical imaging
techniques (i.e., up to 1 mm), while maintaining high spatial resolution [1–11]. Also, due to excellent
intrinsic optical absorbers in bodies, such as hemoglobin, collagen, melanoma, lipids, etc., PAI provides
both anatomical and physiological features. Anatomical features include blood vessels, tendon,
melanin, and lipid distributions, and physiological features include hemoglobin concentration, oxygen
saturation, blood flow rate, metabolism rates, etc. [12–14]. Furthermore, using exogenous contrast
agents, PAI can also delineate transparent biological organs, such as lymphatic systems, bladder,
intestines, etc. and monitor theranostic process [3,15–24]. These benefits contribute significantly to
basic life sciences and expedite clinical translation in dermatology, oncology, ophthalmology, neurology,
etc. [14,25–28].

PAI systems generally fall into two categories: photoacoustic microscopy (PAM) and
photoacoustic computed tomography (PACT), depending on systems performance and hardware
configuration [29]. The PAM generates superior spatial resolution using laser or US focusing
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approach [30,31]. When a small focused laser beam is used to achieve a spatial resolution of the
system, the technique is called optical-resolution PAM (OR-PAM). It enables the visualization of
microvasculatures in small animals and humans with a resolution of about several micrometers [32–34].
Unfortunately, the imaging depth of the OR-PAM cannot be deeper than 1.2 mm due to optical
diffusion [13]. When a focused US transducer is utilized to create a high spatial resolution, the technique
is called acoustic-resolution PAM (AR-PAM). Even though the US focusing configuration in AR-PAM
cannot achieve better spatial resolution than OR-PAM, AR-PAM still provides an enhanced depth
penetration of few millimeters. The PACT relies on three-dimensional (3D) reconstruction methods
to generate cross-sectional and volumetric PA images. Various types of US transducer arrays are
used with improved image acquisition speed for real-time PAI, thus reducing the need for mechanical
scanning [35]. Each temporal PA signal of the PA source provides time-resolved and spatially resolved
one-dimensional radial data through ultrasonic detection. By combining the temporal and spatial
PA data, it is possible to reconstruct a three-dimensional PA image of the source. There are several
approaches for determining an optimal reconstruction algorithm that is based on the configuration
of US transducer aperture and detection geometry (e.g., planar, cylindrical, or spherical) and are
described in [36,37].

These PAI systems with high spatial resolution and multi-scale capabilities are well suited for
preclinical applications but they have bottlenecks for clinical translation. In the case of PAM, the rate
of image acquisition typically depends on the speed of the scanner. Previous approaches, such as
mechanical translation stages and optical galvanometer scanners, have either limited scan speed or
low signal sensitivity [13,38,39]. In particular, optical galvanometer scanner can provide high scanning
speed in the reflection mode, but it is only valid for unfocused ultrasonic detection configuration
because normal optical scanners cannot operate on acoustically coupled media (i.e., water and gel).
In the case of the transmission mode, although the optical galvanometer scanner can achieve high
sensitivity with the increased speed, the instrumental configuration is not appropriate for clinical
use [40]. On the other hand, PACT has limitations in comprehensively visualizing biological organs
and tissues, due to several transducer limitations, including limited frequency bandwidth and low
sensitivity [41]. For high-frequency transducers, the production process needs thin crystals that are
fragile and need complex fabricating process [42]. If a multi-element transducer is used, then a large
number of expensive data acquisition (DAQ) are required [43]. For example, a 128 elements transducer
array requires 128 DAQs, which is a significant part of the system price. The fabrication of small
noise-free transducers for endoscopic and handheld probes is difficult, and they suffer from the shallow
field of view (FOV) [44,45].

Microelectromechanical system (MEMS) technology can be a good solution to address these
existing PAI challenges. The MEMS-based on micromachining technology has been widely used in
industrial and scientific research for more than 30 years [46]. It has several advantages, including
size, low weight, low cost with mass production, and excellent performance [47]. Generally, MEMS
technology has helped to fabricate functional micro-devices such as sensors, switches, and filters using
silicon materials with integrated circuit (IC) fabrication. MEMS technology has also revolutionized
several biomedical tools for fabricating miniaturized diagnostic modalities and screening assays,
such as micro-sensors, actuators, micro-channels, micro-optics, etc. [48]. These micro-devices based on
MEMS technology provide good opportunities to create a new generation of micro-endoscopic and
handheld probing systems with the capability of high-resolution in vivo real-time imaging [49–54].

In this review, we summarize the current progress of MEMS technologies for PAI and its
applications. In Sections 2 and 3, we briefly introduce the progress made in general silicon MEMS
scanning mirrors and the 1- & 2-axis water immersible MEMS scanning mirrors and their applications
for PAI systems. In Section 4, we introduce diverse PAI detectors, such as micromachined US
transducers (MUTs), microring resonators (MRRs), and micromachined silicon acoustic delay lines
and multiplexer.
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2. Conventional Silicon MEMS Scanning Mirror for PAI

2.1. First Generation PAI System Based on MEMS Scanning Mirror

MEMS scanning mirrors have been a major part of current MEMS research [55]. MEMS scanning
mirror has a small micro-scale form factor and it has superior scanning characteristics, such as fast and
large scanning angle along two axes. Thanks to these advantages, it has been widely used in optical
imaging systems, such as optical coherence tomography [56], multiphoton microscopy [57], confocal
microscopy [58], head-up display [59], and digital micromirror device (DMD) [60]. In the last decade,
MEMS scanning mirrors have been similarly adopted in PAI system to develop small imaging probes
for portable applications.

The first MEMS scanning-mirror based PAI system was reported in 2010 [61]. The custom
two-dimensional (2D) MEMS scanning mirror developed in this system is shown in Figure 1(ai).
A mirror plate was actuated by four electrothermal bimorph-based actuators. As shown in Figure 1(aii),
the fabricated MEMS mirror scans unfocused light through the hollow center of the US transducer.
Measured lateral and axial resolutions were 0.7 mm and 0.5 mm, respectively. Imaging depths of up to
2.5 mm and an image area of 9 × 9 mm2 was achieved. The PAI of pencil lead in chicken tissue and
blood vessels in a human hand (Figure 1(aiii)) was demonstrated. Although the MEMS mirror has
a scanning speed of up to 500 Hz, the imaging time was slow (i.e., 250 s) because of the slow repetition
rate of the laser (i.e., 10 Hz). This MEMS PAI probe was also adopted in intraoperative applications
by the same research group [62]. The MEMS imaging probe was updated with high-frequency
US transducer for improved spatial resolution and signal to noise ratio (SNR). Using this system,
they acquired volumetric PA images of tumor implanted in a live mouse before (Figure 1(bi)) and after
(Figure 1(bii)) surgery. Using the obtained PA images, they confirmed the complete resection of tumor
post procedure. The size of the tumor matched within 8.5% error margin with the hematoxylin and
eosin (H & E) stained sections (Figure 1(biii)). Thanks to the compact design and the performance of
the developed MEMS PA probe, it has the potential to be used for image-guided surgery. The MEMS
scanning mirror and the PAI system can be integrated with various other optical imaging systems as
well. For example, a dual-modality MEMS imaging probe, which integrates PAI with diffuse optical
tomography (DOT), was demonstrated in [63]. The MEMS scanning mirror scanned both the pulse
laser for PAI and continuous laser for DOT. A ring transducer at the center of probe detects PA signals
and optical fibers at the outside of the probe collects diffused light in DOT (Figure 1(ci)). Since the
DOT has a lower resolution than PAI (i.e., 3~4 mm), it can be utilized to confirm the position and
approximate volume of the tumor (Figure 1(cii)). The PAI with much better resolution (i.e., 0.2~0.7 mm)
can be used to display tumor margins accurately (Figure 1(ciii)).

Around the same time, another research group also demonstrated the PAI probe based on a MEMS
scanning mirror [64,65]. In their system, they used a commercially available MEMS scanning mirror
(TM-2520, Sercalo Microtechnology Ltd., Neuchâtel, Switzerland) to reflect the laser and microring
resonator to detect PA signal. These results will be discussed further in a later section.

2.2. Recent Advances in PAI System Based on MEMS Scanning Mirror

While the MEMS scanning mirror based PAI probes showed promise, several optimizations were
still needed for practical clinical applications, such as (i) increasing imaging speed, (ii) improving
spatial resolution and SNR, and (iii) minimizing the probe size for endoscopic applications. Unlike
conventional PAI system with external bulky mechanical scanning devices, the MEMS scanning mirror
based PAI probes are smaller and faster, while maintaining high-resolution.

L. Xi group first reported a high-resolution PA endomicroscopy probe using a commercial MEMS
scanning mirror (WM-S3.1, WiOTEK, Wuxi, China, commercialized product of Section 2.1) as shown in
Figure 2(ai) [66]. This PA endomicroscopy used a 0.7 mm Gradient-index (GRIN) lens to increase the
lateral resolution to 10.6 μm. The fast MEMS scanning mirror (i.e., 500 Hz) fully utilized pulse laser’s
high repetition rate of 20 kHz. For detecting the PA signals, an unfocused customized US transducer

69



Micromachines 2018, 9, 584

with the axial resolution of ∼105 μm was used. Phantom and animal experiments were demonstrated
(Figure 2(aii)) while using this system. Since the diameter of the probe is almost half the size of
the previous studies (i.e., 6 mm), it can potentially be used in the endoscopic channel for imaging
gastrointestinal tract. Most recently, a MEMS scanning mirror based OR-PAM probe for human lip
imaging was developed by the same research group [67,68]. Although the size of the OR-PAM probe
is slightly bigger than endomicroscopy, it has better performance with respect to spatial resolution and
FOV. The 20 grams weight and 22 × 30 × 13 mm3 size of the probe is suitable for imaging the human
lip. High lateral resolution of 3.8 μm and FOV of 2 × 2 mm2 can provide a PA microvasculature image.
This probe was used to image internal organs vasculatures in the rat (Figure 2(bii)) and oral cavity in
human (Figure 2(biii)).

Figure 1. (a) Photoacoustic imaging (PAI) probe based on microelectromechanical system (MEMS)
scanning mirror (ai) Photograph of the MEMS mirror (aii) Schematic PAI probe (aiii) 3D rendering
of the recovered blood vessels of the human hand [61]. Reproduced with permission from Xi, Lei,
et al., photoacoustic imaging based on MEMS mirror scanning; published by OSA, 2010. (b) In vivo
volumetric photoacoustic (PA) image of (bi) Tumor before the surgery and (bii) the tumor cavity
after surgery. (biii) H & E stained section along the red dashed line in (bi) [62]. Reproduced
with permission from Xi, Lei, et al., evaluation of breast tumor margins in vivo with intraoperative
photoacoustic imaging; published by OSA, 2012. (c): (ci) integrated optic fibers and ultrasound
transducer probe. (cii) Cross-sectional PA image and (ciii) optical tomography (DOT) image of the
tumor [63]. Reproduced with permission from Yang, Hao, et al., handheld miniature probe integrating
diffuse optical tomography with photoacoustic imaging through a MEMS scanning mirror; published
by OSA, 2013.
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The DMD (Discovery 4100, Texas Instruments, Dallas, TX, USA), which consists of several hundred
thousand micro mirrors, is another important application of the optical MEMS device. The DMD was
also applied in several PAI systems using the spatial and spectral encoding ability of the light [69,70].
Recently, J. Yang et al. reported a motionless volumetric PAM with DMD (Figure 2(ci)) [71]. They used
propagation-invariant sinusoidal fringes, by exploiting the field modulation ability of the DMD,
for motionless volumetric imaging. The lateral resolution of 1.89 μm that was achieved in this system
was 1.5 times higher, and the resolution-invariant axial range of 1800 μm is 30 times higher than the
conventional PAM. As shown in Figure 2(cii), they successfully obtained a PA image of zebrafish larva
with superior resolution in depth.

Figure 2. (a) MEMS scanning mirror based PA endomicroscopy probe. (ai) Photograph of the imaging
probe. CF, ceramic ferrule; GL, Gradient-index lens; UST, ultrasound transducer; C, cube. (aii) PA
image of a mouse colon and sub-images [66]. Reproduced with permission from Guo, Heng, et al.,
photoacoustic endomicroscopy based on a MEMS scanning mirror; published by OSA, 2017. (b) In vivo
human oral imaging. (bi) Photograph of the PAI probe and a volunteer participating. (bii) PA image of
the lower lip and (biii) back surface of the tongue [67]. Reproduced with permission from Chen, Qian,
et al., ultracompact high-resolution photoacoustic microscopy; published by OSA, 2018. (c) Digital
micromirror device (DMD) based spatially invariant resolution photoacoustic microscopy (PAM) (ci)
Schematic diagram (cii) Depth encoded whole body images of a zebrafish larva. [71]. Reproduced with
permission from Yang, Jiamiao, et al., motionless volumetric photoacoustic microscopy with spatially
invariant resolution; published by Nature, 2017.
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3. Water Immersible MEMS Scanning Mirror for PAI

3.1. 1-Axis Water Immersible MEMS Scanning Mirror

Although the conventional silicon-based MEMS scanning mirror has many advantages in various
optical imaging systems, it has one severe drawback for PAI systems. It is that the MEMS fabrication
process is generally based on a silicon wafer, which has brittle and delicate mirror supporting structures.
Thus, the previous MEMS scanning mirrors are not appropriate to operate in acoustic coupling medium
(e.g., water). The PAI systems, as discussed in Section 2, mainly utilized optical beam scanning with
unfocused US transducers, which resulted in low detection sensitivity. However, focused detection
of PA signals is essential to have high SNR [72] for diagnostic PA images. Conventional PAM makes
one dimensional confocal aligning of focused optical and acoustic beams using special components,
such as an opto-acoustic beam combiner [13] or ring transducer [73]. For acquiring volumetric images,
motor based linear scanning stages are used to move the heavy components, which results in low
imaging speed.

To resolve these above-stated problems, J. Yao et al. [74] developed a special 1-axis water
immersible MEMS mirror based OR-PAM. The water immersible MEMS mirror used high-strength
flexible polymer materials for hinge structures. A mirror plate was made of gold-coated silicon wafer
reflecting both optical and acoustic beams. This mirror was actuated by an electromagnetic force
between inductor coil and two permanent magnets under the mirror plate. This polymer based hinge
structures and high electromagnetic actuation schemes enabled the fast scanning of up to 400 Hz under
water. This system greatly enhanced the imaging speed while maintaining high lateral resolution and
SNR. Similar to conventional OR-PAM, this system also can utilize the opto-acoustic beam combiner
ensuring high SNR. The main difference in this system is that the confocally aligned optical beam
and resultant PA wave were simultaneously scanned in water with the fixed beam combiner position
(Figure 3(ai)). With fast scanning of the scanning mirror and high repetition rate of the pulse laser,
the speed of two-dimensional cross-sectional imaging (i.e., B-scan) was 400 Hz at a wide scanning
range (i.e., 3 mm). Additionally, the motorized stage can make a volumetric image by moving the
scanning head, MEMS scanning mirror, US transducer, and opto-acoustic beam combiner. Figure 3(aii)
shows the PA maximum amplitude projection (MAP) image of the vasculature in a mouse ear over
2 × 5 mm2 area. The fast-volumetric imaging rate of 0.8 Hz can show the flow dynamics of hemoglobin
in the blood vessels.

A preclinical research study for mouse brain was demonstrated using the high-speed
MEMS scanner [75]. Two pulse lasers (i.e., pico- and nano-second pulse), both with a 532 nm
single-wavelength, were used to display blood oxygenation with high-resolution. Figure 3(bi) shows
the fused PA MAP image of microvasculature and oxygen saturation level in the same mouse brain.
The acquisition time for the wide-FOV-mosaic image was about 40 s, which is several hundred
times faster than conventional OR-PAM. Figure 3(bii) shows the hemodynamic responses to electrical
stimulations in real time. The PA amplitude of right hemisphere was increased in response to electrical
stimulation on the left hind limb. The 1-axis water immersible MEMS mirror can also be used
in therapy. Y. He et al. demonstrated a PA flow cystography integrated with a laser therapy of
melanoma [76]. Similar to the previous results, they first imaged the microvasculature in a mouse ear
with a 532 nm wavelength laser. The flow of circulating melanoma cells was acquired while using
a 1064 nm wavelength laser. The circulating melanoma cells were immediately killed by another
therapy laser, which was self-triggered by the PA signal of the melanoma cells.
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Figure 3. (a) A water immersible MEMS mirror based optical-resolution PAM (OR-PAM). (ai) Schematic
diagram. (aii) PA maximum amplitude projection (MAP) image of microvasculature in a mouse ear [74].
Reproduced with permission from Yao, Junjie, et al., wide-field fast-scanning photoacoustic microscopy
based on a water-immersible MEMS scanning mirror; published by SPIE, 2012. (b) High-speed
functional OR-PAM based on MEMS scanning mirror (bi) Microvasculatures and oxygen saturation
level in a mouse brain. (bii) Fractional PA signal changes in response to hindlimb stimulation [75].
Reproduced with permission from Yao, Junjie, et al., high-speed label-free functional photoacoustic
microscopy of mouse brain in action; published by Nature, 2015. (c) PA snapshots are showing single
circulating tumor cells (CTCs) traveling in the vasculature [76]. Reproduced with permission from
He, Yun, et al., in vivo label-free photoacoustic flow cytography and on-the-spot laser killing of single
circulating melanoma cells; published by Nature, 2016.

3.2. 2-Axis Water Immersible MEMS Scanning Mirror

As described in the above section, the 1-axis water immersible MEMS scanning mirror can greatly
increase the B-scan imaging speed of OR-PAM. However, it still has limitations such as bulky system
size due to the additional motorized stage for volumetric imaging. For clinical translation, such as
endoscopy, laparoscopy, or handheld systems, it is essential to have both (i) high imaging speed and (ii)
small system size. To overcome these limitations, two kinds of 2-axis water immersible MEMS scanning
mirror were developed, as shown in Figure 4(ai,aii) [72,77]. Similar to the 1-axis water immersible
MEMS scanning mirror, they are also made of flexible polymer instead of brittle silicon. One was
fabricated by a laser cutting of biaxially-oriented polyethylene terephthalate (BOPET) film, and the
other was made by soft lithography of polydimethylsiloxane (PDMS). They are commonly adapted
to a gimbal structure, which can steer the optical and acoustic beam simultaneously along the two
axes on one scanner. Aluminum coated silicon mirror enhanced the reflectivity of optical and acoustic
beams. Strong electromagnetic actuation along two axes was used to overcome the water resistance.
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J. Y. Kim et al. were the first to demonstrate OR-PAM with 2-axis water immersible MEMS
scanning mirror [78]. The fabricated 2 axis MEMS scanning mirror that is based on PDMS stamping
has a size of 15 × 15 × 15 mm3. Without using any motorized stage, this OR-PAM system can achieve
a high B-scan rate of 50 Hz and volumetric imaging rate of 0.25 Hz. For this system, lateral and axial
resolutions were 3.6 μm and 27.7 μm, respectively. As shown in Figure 4(aiii,aiv), the PA MAP image
of a live mouse ear was successfully obtained (Figure 4(aiv)).

Recently, this 2-axis MEMS scanning mirror was commercialized by Opticho Inc., Ltd. in South
Korea. M. Moothanchery et al. reported an OR-PAM system using this commercial 2-axis water
immersible scanning mirror [79]. This system shows a high lateral resolution of 3.5 μm in spite of
using multimode fiber.

Figure 4. (a) 2-axis water immersible MEMS scanning mirror made of (ai) biaxially-oriented
polyethylene terephthalate (BOPET) film and (aii) polydimethylsiloxane (PDMS). (aiii) Photograph of
a mouse ear and blood micro-vessels in it. (aiv) PA MAP image of (aiii) [72,77,78]. Reproduced with
permission from Huang, Chih-Hsien, et al., a water-immersible 2-axis scanning mirror microsystem
for ultrasound andha photoacoustic microscopic imaging applications; published by Springer, 2012.
Reproduced with permission from Kim, Jin Young, et al., a PDMS-based 2-axis waterproof scanner for
photoacoustic microscopy; published by MDPI, 2015. Fast optical-resolution photoacoustic microscopy
using a 2-axis water-proofing MEMS scanner; published by Nature, 2015. (b): (bi) Photograph of the
handheld PAM based on 2-axis water immersible MEMS scanner mirror. (bii) PA image of capillaries
in a human cuticle. (biii) PA image of the red mole on a human leg [80]. Reproduced with permission
from Lin, Li, et al., handheld optical-resolution photoacoustic microscopy; published by SPIE, 2016.
(c): (ci) Photograph of the PAM probe. (cii) Depth encoded PA image of the microvasculature in
a mouse iris. (ciii) Volumetric PA image of a mole on a human finger [81]. Reproduced with permission
from Park, Kyungjin, et al., handheld photoacoustic microscopy probe; published by Nature, 2017.
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L. Lin et al. demonstrated a handheld PAM system based on 2-axis water immersible MEMS
scanning mirror, as shown in Figure 4(bi) [80]. This handheld OR-PAM system has a dimension of
80 × 115 × 150 mm3 and is more flexible than conventional benchtop systems. The lateral resolution of
the handheld system was 5 μm. The 3D volumetric imaging rate over a region of 2.5 × 2.0 × 0.5 mm3

was 2 Hz. To verify the usage of the handheld PAM in clinical applications, they acquired PA images
of human cuticle (Figure 4(bii)) and a mole on a volunteer’s leg (Figure 4(biii)). K. Park et al. reported
a much smaller handheld OR-PAM probe, as shown in Figure 4(ci) [81]. They modified the water
immersible MEMS scanning mirror to a round shape to reduce the system size. All of the parts,
including 2-axis MEMS scanning mirror, were integrated into this small probe (diameter: 17 mm).
The lateral resolution was 16 μm, and the B-scan rate was 35 Hz. Thanks to the small size and fast
imaging speed, this handheld probe is suitable for both small animal and human imaging. Figure 4(cii)
shows the in vivo depth encoded microvasculature image of the mouse iris and Figure 4(ciii) shows
the 3D image of a mole on a volunteer’s finger. In Table 1, we summarize and present the specifications
of all MEMS scanning mirrors compared to conventional scanning methods (i.e., mechanical stage and
optical galvanometer scanner).

Table 1. Comparison of the PAI system based on MEMS scanning mirror.

Scanning Methods System Size
Imaging Speed
(B-Scan Rate)

FOV SNR Ref.

Mechanical Scanning Bulky
(>300 mm) 1 Hz >10 mm +++ [12]

Optical Scanning Bulky
(>200 mm) 100 Hz <8 mm + [39]

Silicon MEMS Mirror Small
(<30 mm) 500 Hz <3 mm ++ [67]

Water immersible MEMS Mirror Medium
(<100 mm)

1 axis: 400 Hz
2 axis: 50 Hz

<3 mm
<9 mm +++ [75,78]

Handheld PAI Probe Small
(<30 mm) 35 Hz <2 mm +++ [81]

4. Micromachined US Detector for PAI

4.1. Micromachined US Transducers (MUTs)

Transducers arrays made of polyvinylidene fluoride (PVDF) have been widely used in clinical
PAI systems [82,83]. However, due to the relatively low sensitivity and limited frequency bandwidth
of small PVDF, there are limits to using mini-sized probes for endoscopic and vascular applications.
MUTs can be an excellent alternative to overcome these issues with broad frequency bandwidth and
miniaturized size. MUTs are divided into two types: capacitive MUT (CMUT) and piezoelectric
MUT (PMUT).

CMUT utilizes capacitance variation that is related to energy transduction between a silicon
substrate and a thin membrane layer to detect the US signal. It has several unique advantages, such as
(i) convenient interfacing with front-end electronic circuits and (ii) can be easily manufactured to
have diverse array sizes with individually linked electronics [84–87]. This technology has already
been applied in compact two & three-dimensional US and PA handheld and endomicroscopic probes.
As shown in Figure 5(ai), A. Nikoozadeh et al. reported a ring-type CMUT array that comprised
of four concentric rings fabricated with a polysilicon sacrificial release process [88]. All concentric
rings were located in the main probe body with different diameters (i.e., 6.0, 7.2, 8.5, and 9.7 mm).
Same 128 transducer elements were used at each concentric ring with different center frequencies
(i.e., 16, 12, 8, and 6.5 MHz). The probe has an inner diameter of 5.0 mm and the outer diameter of
10.1 mm. The miniaturization provides a good opportunity to use them in endoscopic PAI systems.
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To reduce general loss and improve SNR, the ring CMUT arrays were installed into a handcrafted
IC in a pin-grid-array (PGA) and was fully connected to commercial PAI systems (Figure 5(aii)).
A 128-channel US imaging platform (Verasonics, Inc., Redmond, USA) was used to receive PA waves.
In Figure 5(aiii), the volumetric image of the metal spring was obtained by 360 degrees rotation
of the B-mode plane along the vertical axis and accumulating the MAP. J. Chen et al. developed
an infrared-transparent silicon CMUT array that provides a compact probe size and uniform laser
excitation configurations [89].

A multi-band CMUT was also fabricated by J. Zhang et al. to visualize the more comprehensive
structure of biological tissues [90]. Figure 5(bi,bii) show the photographs and the magnified optical
microscopic image of the multi-band CMUT array comprising of low-frequency (~4 MHz central
frequency, 10 μm radius) and high-frequency (~10 MHz central frequency, 15 μm radius) arrays.
To fabricate the CMUT array, four-inch silicon wafer consisting of the substrate and a lower electrode
was prepared. The CMUT and channels were fabricated through a reactive-ion etching (RIE) process
with the polysilicon layer and deposition of the Si3N4 layer. Finally, a thin film aluminum of 300 nm
was deposited to fabricate an electrode, a connection portion, and a bonding pad. Figure 5b(iii,iv)
show the in vivo PA images of zebrafish that were obtained with the multiband CMUT.

PMUT is also an emerging US detector based on flexural vibration induced by a thin-film
piezoelectric membrane. The PMUT provides different benefits compared to CMUT including (i)
relatively higher capacitance as compared to CMUT, (ii) does not require high polarization voltage,
and (iii) has a compatible matching impedance with sample [91–93]. Several types of PMUT-based US
transducers are widely used for biomedical applications, such as the catheter type, dome-shape array,
and concave array type [94–96]. W. Liao et al. first reported the two-dimensional PMUT array with
144 elements for the PAI [97] system. They developed a PMUT array by fabricating a thin film PZT
membranes with a radius of 25 μm and a pitch of 80 μm. The membrane consists of a PZT layer of
0.6 μm, an elastic SiO2 layer of 1 μm, and covering layer of 5 μm. In the pulse-echo mode, the high
resonant frequency of 10 MHz, good spatial gain, and broad capturing angle have been demonstrated.

 
Figure 5. Cont.
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Figure 5. (a) A ring-type capacitive micromachined US transducers (CMUT) array for PAI.
(ai) Schematic and an optical microscopic view of the 512-element four-ring CMUT array. (aii) A ring
CMUT array installed into handmade electronics. (aiii) Volumetric US image of a metal spring with
the ring CMUT array [88]. Reproduced with permission from Nikoozadeh, Amin, et al., an integrated
Ring CMUT array for endoscopic ultrasound and photoacoustic imaging; published by IEEE, 2013.
(b) Multi-band CMUT array for PAI (bi) The photograph of multi-band CMUT array. (bii) Magnified
optical microscopic view of multi-band CMUT array. (biii,biv) In vivo PA images of a zebrafish
measured by the low- and high-frequency CMUT arrays, respectively [90]. Reproduced with permission
from Zhang, Jian, et al., development of a multi-band photoacoustic tomography imaging system based
on a capacitive micromachined ultrasonic transducer array; published by OSA, 2017. (c) A PMUT
based on AlN and acquired PA image (ci) Structure of PMUT based on AlN. (cii) Experimental
setup of photoacoustic imaging with PMUT. (ciii) Acquired PA signal of the hair (civ) Photography
of human hair embedded in the phantom. (cv) Reconstructed PA image [98]. Reproduced with
permission from Chen, Bingzhang, et al., AlN-based piezoelectric micromachined ultrasonic transducer
for photoacoustic imaging; published by AIP, 2013.

B. Chen et al. proposed a new PMUT based on an aluminum nitride (AlN) for PAI applications [98].
As shown in Figure 5(ci), the proposed PMUT has micro-layers comprising of SiO2, lower/top
electrodes, AlN, and polyimide (PI) films. The piezoelectric layer based on AlN was generated from
metallic Al samples at room temperature via intermediate frequency magnetron reactive sputtering.
The AlN based PMUT shows the enhanced SNR due to AlN’s relatively low piezoelectric coefficient.
Additionally, its manufacturing process has the benefit of being compatible with the standard ICs.
Figure 5(cii) shows the schematic of the PAI experimental setup. A nano-second pulsed laser with
532 nm (Brilliant, QUANTEL) wavelength and was coupled to a mulimodal fiber was excited inside
this phantom. The generated PA signal was identified by the PMUT array that was located at the
bottom of the phantom. Figure 5(ciii,civ,cv) show one-dimensional PA signal, sample photographs,
and reconstructed PA image of human hair within the phantom, respectively. The measured lateral
resolution was 240 μm.

4.2. Microring Resonators (MRRs)

Typically, a conventional piezoelectric US transducer works in the resonant frequency band,
which is determined by the thickness of the piezoelectric crystal. When a thin piezoelectric crystal film
is used to produce a high-frequency transducer, this thin film is fragile and it causes manufacturing
complexity and ruggedness issues [42]. Also, these transducers have a low axial resolution because
of limited bandwidth and have small FOV because of limited capturing angle. They are also
difficult to integrate with high-resolution optical microscopy, which has short working distance
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(i.e., below 1 mm) [90,99]. To address these drawbacks, diverse optical based ultrasonic detection
methods, such as Fabry-Perot polymer film [100], Michelson interferometer [101], Mach Zehnder
interferometer [102], and MRR [52,103–105] have been reported with an easy-to-apply configuration
for endoscopic and microscopic systems and superior US sensing capability. Among these approaches,
MRR has additional strengths. (i) A sub-millimeter sized MRR enables high US sensitivity,
which reduces the optical interference in probing configuration. (ii) Broadband ultrasonic wave
detection can be achieved in MRR, which enhances the axial resolution in PAI and ultrasonic imaging
(USI). (iii) The MRR detector allows for a relatively high ultrasonic detection angle, which improves
the FOV.

C.-Y. Chao et al. first reported a polymer MRR detector as a US transducer [52]. It was designed
in such a way that the ring and the straight-line bus waveguides were interconnected (Figure 6(ai)).
They used polystyrene (PS) as the waveguide material, which has the advantages of high sensitivity for
acoustic pressure and low absorption for visible to near IR spectrum light. The width of the waveguide
is 2.4 μm and the height is 1.85 μm. Nanoimprint process was applied to fabricate waveguides
with high sensitivity. First, a mold with an inverted pattern was produced using electron beam
lithography and RIE. Subsequently, a spin-coated polymer was imprinted onto the substrate by using
the fabricated mold at an appropriately increased temperature and pressure. By applying pulse-echo
signals, the MRR response was acquired, as shown in Figure 6a(ii). The bandwidth increased by 10 dB
from 15 MHz to 58 MHz and decreased approximately from 60 MHz onwards. The active imaging
area was investigated with two-dimensional US emission on the surface of MRR. The measured signal
has the full width at half maximum (FWHM) of approximately 130 μm (Figure 6(aiii)). C. Zhang et al.
upgraded the polymer bandwidth from dc to 350 MHz, which presented the outstanding axial
resolution of 3 μm [106].

The concept of miniaturized PAI and all optical customized PAI were successfully demonstrated
based on MRR’s advantages [64,103,107]. For instance, S.-L. Chen et al. reported the miniaturized
PAM probe with MRR detector and MEMS optical scanning mirror. Figure 6(bi) shows the system
configuration. A high speed diode-pumped solid-state Nd:YAG laser at 532 nm was directly inserted
into an optical fiber and was transferred to a 2-axis MEMS scanning mirror. The MRR detector was
located 3.7 mm below the sample surface. System performance was demonstrated by visualizing the
microvessels in a mouse bladder with lateral and axial resolutions of 17.5 μm and 20 μm, respectively.
Even though these MRRs were investigated on silicon plates, they are not optically transparent.
Therefore, only permeable PAI system configurations that are not suitable for scanning thin layered
samples were possible. H. Li et al. fabricated an optically transparent US detector that was composed
of the MRR on a fine coverslip [108]. Figure 6(ci) shows the customized MRR US detector. The two
tapered optical fibers combined with the input and output stages of the ring and bus waveguide
simplify the packaging process and improve the coupling efficiency. Due to the optical transparency
of the MRR detector, a highly focused laser beam was irradiated on the thin samples via the MRR
detector located on the adjustable holder. When compared to the transmission PAI configuration,
US deformation was eliminated. The developed MRR US detector has an ultra-wideband frequency
range (approx. 140 MHz) and provides an excellent axial resolution of 5.3 μm. A thin film sample was
used to obtain a PA image with improved axial resolution and is shown in Figure 6(ciii)).
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Figure 6. (a) Geometry of micro-ring resonator (MRR) US detector and measured properties
(ai) Scanning electron micrograph of MRR. (aii) The frequency response of MRR to a US pulse.
(aiii) Two-dimensional US pulse response of MRR [52] Reproduced with permission from Chao,
Chung-Yen, et al., high-frequency ultrasound sensors using polymer microring resonators; published
by IEEE, 2007. (b) Miniaturized OR-PAM using MRR (bi) Schematic of optical-resolution PAM system
using the MRR. (bii) MAP image of the microvasculature in the mouse bladder [64]. Reproduced
with permission from Chen, Sung-Liang, et al., miniaturized all-optical photoacoustic microscopy
based on microelectromechanical systems mirror scanning; published by OSA, 2012. (c) Transparent
broadband MRR US detector for OR-PAM. (ci) Schematic of MRR US detector with tapered optical fibers.
(cii) Experimental setup for OR-PAM with transparent MRR. (ciii) The MAP image of a carbon-black
thin film sample along an x-y plate and a two-dimensional PA image of the target at the location
indicated by the arrows [108]. Reproduced with permission from Li, Hao, et al., a transparent
broadband ultrasonic detector based on an optical micro-ring resonator for photoacoustic microscopy;
published by Nature, 2015.
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4.3. Micromachined Silicon Acoustic Delay Lines and Multiplexer

Typical array-type US transducers used in clinical USI and PAI require multiple complex
multi-channel DAQ devices to simultaneously receive large amounts of acoustic data from each
transducer element [109]. This increases the overall PAI complexity and cost of the system. Recently,
the concepts of acoustic time delay were reported by M. K. Yapici et al. [110] to reduce complexity.
The parallel connected acoustic delay line receivers were utilized instead of the transducer elements.
Each delay line detected the acoustic signal and generated an appropriate delay time so that the signal
arrived at a different time on the other side. A single transducer was connected on the opposite side for
sensing the time delay signal in series. Thus, the delay line reduces the requirements for multi-element
transducer elements and multi-channel DAQ devices. This approach would be more cost effective
than conventional US detecting systems. The handheld optical fiber based delay line was investigated
as a promising method to take several advantages, such as less acoustic loss, microscale size, flexible
property, and low cost [111]. However, in order to generate enough time delay in the optical fiber,
a considerable length of optical fiber is required due to the high US velocity in the medium. Moreover,
additional attenuation and signal distortion could also occur due to the covered jacket layer. Optimal
optical alignment is also necessary to obtain a proper signal and manual assembly. Y. Cho et al.
introduced a micromachined silicon acoustic delay line [112]. Thanks to the material property of single
crystalline silicon, this method has better transmission efficiency, small size, and more productivity
when compared to the optical fiber-based delay lines. Each acoustic channel delivers a single acoustic
signal with a specific travel path and delay. To generate sufficient delay length and maintain a compact
size, each acoustic channel consists of several U-turns. As shown in Figure 7(ai,aii), 16-channel parallel
lines were fabricated by an RIE process using the aluminum pattern mask. All fabricated delay
lines were located on the acrylic housing. Since the ultrasonic pulses propagate different lengths
from the delay line, they reached the outputs at different times. Figure 7a(iii) shows the acquired
two-dimensional PA image from the proposed parallel delay lines. A similar concept was adopted by
the same group to micromachined acoustic multiplexer [113]. Only one transmit and/or receive US
transducer was required to resolve multichannel signals in this system. Unlike the acoustic delay line,
acoustic multiplexer can selectively transmit the acoustic signal via the movement of mercury droplet
in microfluidic channel (Figure 7(bi)). The assembled multiplexer is shown in Figure 7(bii). The silicon
delay line and multiplexer structure were fabricated by the RIE process. Two PDMS sealing pads
were used to form a microchannel with the silicon structure, and the PI microtubing was connected
to inlet and outlet of the channel. Mercury droplet was driven by a syringe pump. The PA image of
the phantom using this system is shown in Figure 7(biii). A pulse laser illuminated a 5 × 5 mm2 area
and the PA signal generated was successfully detected by a single transducer. To collect eight channel
signal, illumination and acquisition were repeated eight times.
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5. Conclusions

In this review, the current progress of PAI based on MEMS technology was presented. From the
MEMS scanning mirrors perspective, they have shown several advantages, including fast scanning
abilities, compact sizes, and high SNRs. In particular, the water immersible MEMS scanning mirrors
broke through the intrinsic limitation of PAM techniques that were caused by acoustic coupling
medium (i.e., water). New advances also contributed to the fabrication of the well-established
preclinical PA handheld probes and PA endoscopic systems for brain studies, angiogenesis, and cancer
studies. From the MEMS detectors perspective, diverse PA detectors, such as MUTs, MRRs,
and acoustic delay lines were introduced. MUTs enable wide frequency bandwidth, small size,
and conventional integrating process with electronics. These contribute to develop a multispectral
clinical PA system with endoscopic or handheld probes. Similarly, MRRs have excellent performance
in the wide frequency band, enhanced FOV, and high sensitivity. Especially, because of its micro-scale
resolution, this can also be applied to PA endoscopic and microscopic imaging systems. Acoustic
delay lines show the potential for a new cost-effective acoustic delivery and mixing tool. In spite
of these advances in MEMS technology, further optimizations are needed for clinical use. First,
the currently developed water immersible MEMS scanning mirrors are not yet micro size, which limits
their application for endoscopic type device. There is also a need to reduce scales, such as t that
of silicon-based MEMS scanning mirror through the development of advanced microfabrication.
In addition to the MEMS scanning mirror, MUTs, MRR, and acoustic delay liens, also require special
and expensive fabrication process, such as e-beam lithography and anisotropic etching with high
aspect ratio. These fabrication processes make it difficult to achieve mass production and stable system
performance. Thus, there is a need to develop simple microfabrication process to reduce cost as well as
to increase reliability. If these challenges are resolved, we expect the MEMS technologies to contribute
greatly to the development of high-performance and clinically useful PAI systems.
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Abstract: The paper presents a novel fully integrated MEMS-based non-resonating operated 2D
mechanical scanning system using a 1D push-pull actuator. Details of the design, fabrication and tests
performed are presented. The current design utilizes an integrated electrostatic push-pull actuator
and a SU-8 rib waveguide with a large core cross section (4 μm in height and 20 μm in width) in
broadband single mode operation (λ = 0.4 μm to 0.65 μm). We have successfully demonstrated a
2D scanning motion using non- resonating operation with 201 Hz in vertical direction and 20 Hz in
horizontal direction. This non-resonating scanner system has achieved a field of view (FOV) of 0.019
to 0.072 radians in vertical and horizontal directions, with the advantage of overcoming its frequency
shift caused by fabrication uncertainties. In addition, we observed two fundamental resonances at
201 and 536 Hz in the vertical and horizontal directions with corresponding displacements of 130
and 19 μm, or 0.072 and 0.0105 radian field of view operating at a +150 V input. A gradient index
(GRIN) lens is placed at the end of the waveguide to focus the diverging beam output from the
waveguide and a 20 μm beam diameter is observed at the focal plane. The transmission efficiency
of the waveguide is slightly low (~10%) and slight tensile residual stress can be observed at the
cantilever portion of the waveguide due to inherent imperfections in the fabrication process.

Keywords: cantilever waveguide; electrostatic actuator; non-resonating scanner; optical scanner;
push-pull actuator; rib waveguide

1. Introduction

Modern day micro-scale imaging and display systems utilizes miniature scanner technologies
for capturing images and displaying high density information in a small working environment.
Advanced imaging systems, such as scanning confocal microscopy use micro scale scanners for
real-time sub-cellular resolution imaging [1–4]. Portable video projection systems use miniature
scanners for displaying high resolution contents with a light-weight form factor and low power
requirement. [5–9]. Virtual displays found in head-mounted displays (HMD) systems uses scanners
to display large amount of information in a small display area for augmented reality/virtual reality
applications [10–14]. Most of the miniature scanner system utilizes MEMS scanning mirrors, which
requires the mirrors and the deflecting components to be significantly larger than the input beam
diameter to avoid clipping or creating additional diffractions at the output. Furthermore, the size
of the conventional display system is proportional to the resolution and/or the field of view (FOV)
of the device, which severely limits the possibility of reducing system footprint without making a
compromise on the device specification.
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To overcome the minimum size restrictions of mirror-based scanner systems without sacrificing
resolution and FOV, an optical scanner based on an electromechanically deflected micro-fabricated
waveguide has been previously developed by our research team [15–20]. A pair of commercially
available lead zirconate titanate (Pb[Zr(x)Ti(1-x)]O3) (PZT) actuators drives the 2D motion of the
waveguide. The design is able to steer the coupled optical beam via the deflection of the waveguide;
however, the design still has a relatively large footprint (each actuator is 20 mm × 4.8 mm × 0.6 mm and
they are arranged perpendicularly) compared to its output beam deflection angle. Also, the assembly
process is challenging, time consuming, and inconsistent due to the combined use of off-the-shelf parts
and micro-fabricated waveguide. The output of the scanner is also inconsistent after each system reset
due to the assembly process.

In this paper, design improvements to the micro-fabricated waveguide system is presented
(Figure 1). To increase the robustness of the scanner system in the new design, a MEMS-based push-pull
actuator is fully integrated with the micro-fabricated waveguide. The integrated actuator reduces the
rigid length of the device and increases the flexibility of the overall system, allowing it to work in tight
spaces without invading the surroundings. The new design also allows the incorporation of the light
source and the scanner probe in a single package, thus reducing the overall system size. Compared to
off-the-shelf actuators, the MEMS-based push-pull actuator provides a better signal to noise ratio and
consumes relatively lower power during operations. Finally, the push-pull actuator mechanism will be
able to provide a 2D scanning motion via 1D actuation, which reduces the complexity of the scanner
and the footprint of the entire system.

Figure 1. Schematic of the electrostatic MEMS scanner.

Most of the resonant scanner designs reported so far, including our previous designs, operate
at resonance to achieve high line resolution and high FOV [15–22]. However, this design presents
several challenges, such as achieving a large frequency difference between the two resonant operating
frequencies. A larger deflection angle of the high-frequency mode is usually harder to achieve due
to damping in the system. In addition, reducing the frequency of the low-frequency mode would
require altering materials or geometry of the scanner. Thus, frequency reduction can only be achieved
by sacrificing the device compactness [15]. Furthermore, the final frequency of operation is highly
dependent on the fabrication process.

In this paper, we report a new driving scheme that can potentially overcome the above issues
by operating one of the two directions at an extremely low non-resonant frequency (>20 fps) while
maintaining a high resonant frequency in the other direction. The non-resonant frequency operation
relaxes the restriction of the lower operating frequency and further improves the operating condition.
The high resolution of the device can then be obtained through the large difference of the two operation
frequencies. The deflection angle or FOV can also be optimized. In the following section, we will first
examine the design and operational principles of this novel scanner through finite element analysis
(FEA) using ANSYS (ANSYS, Canonsburg, PA., USA), CoventorWare and Rsoft (RSoft Design Group,
Inc., Ossining, NY, USA) followed by a description of the fabrication process and results from the
optical performance.
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2. Design and Operation Principles

2.1. Operation Principles

The design of the scanner uses the 1D actuation of a pair of “push–pull” actuators to generate
2D scanning motion on a micro-fabricated cantilever waveguide (Figure 1). For image acquisition,
the same scanning waveguide is used to capture and channel the backscattered to a photodetector.
For display operation, this step is not needed. A long, slender SU-8 structure is placed between the
two actuators to serve as the waveguide for the scanner. A coupler is placed at the input end of the
SU-8 waveguide to couple the light from an optical fiber to the cantilever waveguide. The optical fiber
is placed in a U-shape fiber groove to properly align it with the coupler. A proof mass is attached at
the output end of the SU-8 waveguide for reducing the tip displacement of the microfabricated SU-8
waveguide without affecting the output beam deflection angle. The waveguide structure is connected
to the actuators by the rotating arm. The two ends (in the z-direction) of rectangular-shaped actuating
pads in Figure 1 are anchored to the substrate leaving the middle of the actuator suspended and
connected to the rotating arm. This push-pull actuator configuration can be used with piezoelectric,
electrostatic, electromagnetic, or magnetostrictive actuation methods. In this paper, a parallel-plate
MEMS electrostatic actuator is presented.

The basic operating principle of this 2D scanner is shown in Figure 2 [22]. The scanner motion
is generated by the pair of push-pull electrostatic actuators. The out-of-plane buckling of the four
actuating pads generates bending and twisting motion on the rotating arm. The resulting bending
and twisting on the rotating arm causes the attached waveguide to move in or out of plane. For
out-of-plane waveguide motion (Figure 2a), actuator pads 1 and 2 (or actuator pads 3 and 4) must be
actuated in the same direction, magnitude and phase. This will create vertical motion at the rotating
arm due to the actuators hinging on the fixed ends. For horizontal waveguide motion (Figure 2b),
actuator pads 1 and 3 (or actuator pad 2 and 4) must be driven in the same direction, magnitude
and phase. This will produce rock the rotating arm side to side, causing the waveguide to move
horizontally. The simultaneous excitation of the waveguide in the horizontal and vertical direction
with the superposition of waveforms at the correctly designed frequencies and/or phase will drive the
waveguide in Lissajou or raster scanning motion.

Figure 2. ANSYS harmonic virtualization of a mechanical resonating scanner. (a) Low-frequency
motion under the excitation of the first mode along the z-axis, and (b) high-frequency motion under
the excitation of the second mode along the y-axis.
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Lissajou and raster scanning pattern is used instead of spiral scanning pattern due to the geometry
of the micro-fabricated waveguide. The high aspect ratio of the rectangular cross-sectioned beam
(cross-section width is ~5 times its thickness) makes it difficult to achieve spiral scanning motion. For
spiral scanning pattern, a circular cladded waveguide is the preferred geometry, which is challenging
to fabricated using the planar process in typical micro-fabrication. Additionally, a comparative large
cladding (>50 μm) is required to confine the wave and maintains a single mode operation at the
require geometry (~few μm for the core) in a waveguide with uniform cladding. Thus, to eliminate
the need of a large cladding to create a waveguide core that has similar size to an optical fiber core,
the rib waveguide geometry is employed in our design. The rib waveguide is a two-layer waveguide
structure that consists of a rib layer on top of a wider slab layer, and the careful optimization of the
geometric ratio between the two layer is necessary to achieve the desirable mechanical performance
and optical output.

2.2. Mechanical Design and Simulation

The scanning FOV and line resolution are two critical parameters that needs to be studied to
optimize the scanner system performance. A large FOV can be obtained when the displacement
and the angle of rotation for the waveguide is maximized at its resonant frequencies and higher line
resolution can be achieved by increasing the ratio of the horizontal and vertical operating frequencies.
Thus, the design of the scanner needs to allow the system to operate at two distinctly different resonant
frequencies in the horizontal and vertical directions.

The components of the system were analyzed individually to obtain optimized dimensions for
achieving the best line resolution and FOV. The critical parameters that needed to be analyzed were
(1) length, width, and height of the proof mass, (2) the width, thickness, and length of the waveguide,
and (3) the geometry, layout, and input voltage of the actuator. Both analytical and numerical analyses
were performed and compared.

The modified parallel plate actuator was used in the scanner design. The conventional capacitive
actuator was either a set of parallel plates or a set of comb drives [23]. However, the driving force was
dominant in one direction and negligible in the other two directions. Figure 3 shows the modified
actuator design with the extended bottom electrode. The non-equivalent electrodes increase the
utilization of electrostatic fringe effect. Therefore, a larger in-plane electrostatic force was generated
in the y direction. The FEM results show that an input of 20 V to the modified actuator results in a
27.66 μN out-of-plane reaction force (Fz). In the two in-plane directions, Fy was 8.64 × 10−2 μN, which
was over two orders of magnitude larger than Fx of 1.92 × 10−4 μN. The model used slightly different
dimensions to generate the subsequent FEM harmonic response of the scanner.

Figure 3. The modified parallel plate actuator. The bottom electrode is expanded along the y-axis so
that the fringe effect causes larger electrostatic force in the y direction than in the x direction.

For the cantilever waveguide mechanical model, both analytical and numerical analyses were
performed. The analytical model uses the Timoshenko beam model to estimate the deflection angle
of the cantilever waveguide (Figure 4a). Figure 4b shows the free-body diagram of an element of a
beam, where M(x,t) is the bending moment; V(x,t) is the shear force; w(x,t) is the displacement of the
vibration; and f(x,t) is the external force per unit length.
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(a) (b)

Figure 4. (a) A beam is subject to the external force f and (b) free-body diagram of an element of a beam.

The displacement of the beam can be determined using the mode superposition principle and is
written as [24]:

w(x, t) =
∞∑

n=1

Wn(x)qn(t), (1)

where Wn(x) is the n-th normalized mode shape and qn(t) is the generalized coordinate in the n-th
mode. For the fixed-free boundary condition as shown in Figure 4a, Wn(x) and qn(t) can be calculated
in (2) and (3), respectively [24]:

Wn(x) = Cn[sin βnx− sinhβnx− αn(cos βnx− cosh βnx)] (2)

d2qn(t)
dt2 +ωn

2qn(t)=
∫

f0δ(x− ζ) sinωtWn(x)dx
= f0 sinωtWn(ζ)

, (3)

where

βn
4 =
ωn

2

c2 =
ρAωn

2

EI

αn =
sin βnl + sinhβnl
cos βnl + cosh βnl

.

Wn(x) is determined by boundary conditions, material properties and resonant frequencies. qn(t)
is subject to the change of the external force f and Wn(ζ). To achieve large deflection angle which is
proportional to dw(x,t)/dx, the most straightforward strategy is to increase f0 and Wn(ζ):

1. fo can be increased by increasing the driving electrostatic force.
2. To increase Wn(ζ), if the device is operating at the first resonance frequency, W(x) increases as x

increases. ζ should be far away the fixed end to increase Wn(ζ). However, due to the limitation of
the overall length of the MEMS device, ζ cannot be too far from the fixed end. If the device is
operating at the higher resonant frequency, the force should not be applied to the nodal point,
where Wn(ζ) is equal to zero.

The overall scanner design was also analyzed numerically using Architect3D in CoventorWare for
optimization. The system-level model method can significantly reduce the simulation time compared
to traditional finite element methods (FEM) while maintaining relatively high accuracy. The schematic
layout modeled in Architect3D and the corresponding 3D model is shown in Figure 5, it included
components such as beams, beams with electrodes, rigid plate, anchors, bus connectors, reference
frames and signal sources. These components modeled the mechanical and electrical behaviors of the
scanner during the optimization process.
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Figure 5. The 3D physical geometry of the scanner mapped to the corresponding behavior symbols.

The optimization of the scanner involved tuning the devices parameters so that the FOV and
the line resolution of the scanners are optimized. The line resolution of the device is maximized by
increasing the difference between the two operation frequencies.

The resonant frequency of the high-frequency mode was designed so that it was 200 times larger
than the resonant frequency of the low-frequency mode in order to obtain the highest scanning
resolution. In our current experimental setup, it was difficult to drive a device above 20 kHz. Therefore,
resonant frequency of the low-frequency mode was limited to less than 100 Hz. The field of view was
maximized for the scanning direction that operates at the lower resonant frequency.

The resonant frequency of a cantilever beam is a function of its mass and spring constant, thus the
operating frequency can be reduced by increasing the length of the waveguide or by incorporating a
large proof mass. However, a waveguide design with excessive length is going to compromise the
compactness of the device. Therefore, the final design for the length and width of the waveguide
is 2250 μm and 55 μm, respectively, and the size of proof mass is 300 μm × 300 μm × 24 μm. The
thickness of the slab and the ridge are both 2 μm. The modal analysis results obtained from Architect
are verified by FEM and analytical results (Table 1) and the rotational angle for each of the obtained
modes is optimized.

Table 1. Resonant frequencies obtained by analytical estimation, finite element methods (FEM),
and Architect3D.

Analytical FEM Architect3D

X-axis
1st 58.5 58.3 55.9

2nd 743 630 707

Y-axis 1st 1113 1103 1062

Unit for frequency measurements is in Hz.

The harmonic response of the scanner design is studied by applying electrostatic actuation to
excite vertical (at lower operating frequency) and horizontal motion (at higher operating frequency) in
the waveguide as shown in Figure 2. Air damping factor is also applied to the simulation based on the
measurement from a fiber viscometer [25]. The rotational angle response for the waveguide motion
in both directions are shown in Figure 6. For vertical motion (the top trace), two rotational angle
peaks are observed. To maximize the FOV, the lower frequency (55.9 Hz) is chosen as the designed
operating frequency with a rotational angle of 0.44 rad. In the vertical direction, two peaks are also
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observed in the response (the middle trace) and the 12,775 Hz peak is chosen as the high-frequency
mode (rotational angle is 0.089 rad) to maximize the line resolution. The bottom trace shows the
deflection response of the electrodes and it can be observed that the electrodes achieves a maximum
of 4.27 μm at the high frequency operation mode. This means that the actuators are able to operate
without interference with the designed gap space (20 μm) between the parallel plates.

Figure 6. Architect3D in CoventorWare simulation results: (top and middle): deflection angle as a
function of frequency and (bottom): deflection response of the actuator.

Although the simulation shows promising line resolution and FOV, there were challenges found
in fabrication and in tests performed of the resonating design. The main obstacle is apparently on
overcoming the weight of the proof mass at the tip of the cantilever. It was found later that SU-8
cantilever is much softer than the model based on the published material properties. Several design
changes were made including the proof mass thickness and the no-resonating design to further simplify
the fabrication and operation.

For the non-resonating scanner design, the same parametric study to optimize the design was
also performed using Architect3D in CoventorWare. The modified actuator shown in Figure 7 is used
to increase the in-plane electrostatic force, leading to a larger FOV. When the device is in operation,
Electrode 1 and 3 are applied with the same waveform function of Vosinωt and Electrode 2 and 4 are
applied with a Vocosωt, where ω is the resonant frequency of the high-frequency mode and Vo is the
amplitude of the input voltage. For low frequency direction, all electrodes were driven by a same wave
function with lower frequency. Suppose the waveguide is simultaneously driven at the above two
frequencies, a raster scanning motion will appear at the distal end.

Figure 7. The optimized scanner design with a proof mass of 60 μm × 60 μm × 4 μm, waveguide length
of 1820 μm and a width of the slab of 20 μm.

The result of the deflection angles of the optimized scanner is shown in Figure 8. The simulation
shows that when the device is operating at 10 Hz in the non-resonant frequency direction (vertical
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direction) and 1.343 kHz in the resonant frequency direction (horizontal direction), the FOV are 16 and
15 mrad, respectively and a 130-line resolution at 0.08 Rayleigh damping and ±20 V input.

Figure 8. ANSYS Workbench harmonic responses of the optimized design with 60 μm × 60 μm × 4 μm
proof mass, 1820 μm waveguide length and 20 μm slab width.

The reduction in the proof mass from 300 μm × 300 μm × 24 μm in resonating design to
60 μm × 60 μm × 4 μm in non-resonating design was needed to simplify the fabrication and also to
prevent the cantilever from bending too much due to the additional weight (Figure 19a). The width of
the waveguide was also reduced from 55 to 20 μm to increase vibration in the horizontal direction.

In the parametric study, the geometry of the waveguide (the cross section and the length) dominated
the line resolution of the scanner; the resolution increased with a flatter and shorter waveguide. The
rib waveguide had a very similar resonant frequency response as long as the dimensions of the width
of the ridge section were kept relatively small compared to the width of the slab section (<4×). All
other geometric parameters did not appear to affect the line resolution significantly. In the analyses for
the actuator and arm geometries, larger actuator pads allowed larger actuation; however, the sizes
of the pads are limited by the design footprint (3 mm × 3 mm) defined for the previous endoscopic
application. The largest angle of rotation achieved by the investigated push–pull designs was ~0.44
and 0.089 rad in vertical and horizontal direction respectively (for the resonating design) and 71 and
15 mrad, for the non-resonating design A shorter rotating arm appears to provide a larger angle
of rotation. These findings suggest that the waveguide and the actuator layout can be considered
separately to optimize the line resolution and scanning magnitude as we have shown in the analysis.

2.3. Optical Analysis

To optimize the light transmission and coupling between the tip of the input fiber and the cantilever
beam requires modal analysis and investigation of the system’s coupling efficiency. The waveguide for
the scanner has a rib waveguide feature (Figure 9), and it is made of an epoxy-based SU-8 negative-tone
photoresist. The wavelength range required for the proposed display application is 400 to 650 nm. The
final dimension of the waveguide structure was slightly different from the mechanical simulation. The
slab was reduced to 20 microns and the proof mass also reduced to 60 μm × 60 μm × 4 μm to simplify
the fabrication and improve dynamic performance of the cantilever vibration. One way to predict
the dimensions of the rib waveguide structure was based on the single mode conditions proposed by
Soref [26].

H
λ

√
n2

f − n2
s ≥ 1 (4)

0.5 ≤ r ≡ h
H
< 1 (5)

a
b
=

W
H
≤
(

q + 4πb
4πb

)1 + 0.3

√(
q+4πb
q+4πrb

)2
− 1

√(
q+4πb
q+4πrb

)2
− 1

, (6)
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where q is defined as:

q =
γc√

n2
f − n2

c

+
γs√

n2
f − n2

s

, (7)

where γc = γs = 1 for transverse electric (TE) modes and γc =
n2

c
n2

f
and γs =

n2
s

n2
f

for TM modes.

Figure 9. Cross section of the waveguide structure showing the geometric parameters and optical
properties of the materials in each layer.

It can be seen from equation 4 that H ≥ λ√
n2

f−n2
s

for single mode operation. Therefore, H ≥ 0.314 μm

at λ = 400 nm and H ≥ 0.531 μm at λ = 650 nm.
To maintain a single mode operation based on the above condition in TE polarization for any

given H, the rib width W must be designed and operated less than or equal to the value on the curve
(Figure 10). By fixing the ratio (r) between the overall height (H) and the slab height (h) to 0.5, we
generate a list of waveguide dimensions that we can use for the scanner design (Figure 6 and Table 2.
In case 1, the cross section of the rib waveguide has dimensions relative to the core diameter of a
single mode fiber (2.9 to 3.9 μm mode field diameter for 400 to 600 nm wavelengths), which is an ideal
geometry for the proposed end-butted coupling design. Assuming the same input applies at the center
of the rib waveguide, the output power for different waveguide geometries is summarized in Table 2.

(a)

(b)

Figure 10. Waveguide width as a function of waveguide height at (a) λ = 400 and 650 nm and (b) at
different r values at λ = 650 nm.
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Table 2. Comparison of output power as a function of input beam position and waveguide geometry.

r W H h Center of Input Output Power

Case 1 0.5 4.045 4.290 2.145 X = 0, Y= 2.0 94.2%

Case 2 0.5 6.097 6.630 3.315 X = 0, Y = 3.0 90%

Case 3 0.5 8.036 8.840 4.420 X = 0, Y = 4.0 77%

Case 4 0.7 5.851 4.290 2.145 X = 0, Y = 2 95%

Case 5 0.9 10.755 4.290 2.145 X = 0, Y = 2 96%

Case 6 0.5 4.045 4.290 2.145 X = 0, Y = 1 77%

Case 7 0.5 4.045 4.290 2.145 X = 0, Y = 3 76%

Case 8 0.5 4.045 4.290 2.145 X = 0, Y = 4 46%

Case 9 0.5 4.045 4.290 2.145 X = 1, Y = 3 60%

Case 10 0.5 4.045 4.290 2.145 X = 2, Y = 3 33%

Case 11 0.5 4.045 4.290 2.145 X = 20, Y = 1 0.5%

Case 12 0.5 4.026 4.40 2.20 X = 0, Y = 2.0 93.8%

Case 1 to 11 are waveguide geometry and corresponding output power at 650 nm. Case 12 is operating at 400 nm
(unit: μm).

Using modal analysis, based on a SU-8 (n = 1.578 at λ = 650 nm and n = 1.624 at λ = 400 nm [27])
rib waveguide structure with a rib width (W): waveguide height (H): slab height (h) ratio as shown in
Table 2, the result confirms single mode operation for TE mode input with wavelengths between 400 to
650 nm. Figure 11 shows the index and modal profile of all three cases observed at 1.282 mm from the
coupling end at λ = 650 nm (Figure 11b–d). The profile is similar at 400 nm (Figure 11a). Fields all
appear confined and single mode.

An optical simulation using Rsoft beam propagation program (BMP) software was performed
to analyze the coupling efficiency. In order to simplify the analysis, scattering and absorption were
neglected and it is assumed that the input to the waveguide is a single mode Gaussian beam. The
numerical simulation is based on a SU-8 rib waveguide structure with a rib width: waveguide height:
slab height ratio of 4:4:2. The results confirmed single mode operation for TE mode input with
wavelengths between 400 and 650 nm. As shown in Figure 12, a very low light loss for wavelengths
operates between 0.4 and 0.65 μm if center of the input mode field aligns with the center core of
the waveguide (X = 0, Y = 2). For an input with a Gaussian profile, the coupling efficiency for both
wavelengths was around 96.5% and 97% for λ = 400 nm and λ = 0.65 μm, respectively. Minimum light
attenuation was observed along the taper and cantilever waveguide sections. The light throughput is
roughly the same as the initial coupling efficiency (93.8% and 94.2% respectively). The same coupling
efficiency and throughput was also observed if the input was a zeroth order mode. However, the
alignment of the input with respect to the core of the rib waveguide greatly affects the coupling
efficiency. Table 2 summarizes the output power as a function of input position operating at 650 nm
wavelength. When fiber is vertical lateral displacement (y direction), the coupling loss was less
significant than the horizontal displacement (x direction) as long as the beam was confined inside
the waveguide. This is most likely the main contribution to the observed low coupling efficiency
in the measurement. It is also shown in our previous multimode 100 μm × 85 μm × 2100 μm SU-8
rectangular waveguide that combine loss stem from mode coupling, scattering and absorption is
around 28.6% [17,18]. The simulation also shows that the shape of the proof mass does not matter
in the optical simulation, because as long as the input beam is confined inside the ridge area of the
waveguide, single mode propagation is maintained. As shown in Figure 12a,b, both output fields at
400 and 650 nm appear to be single mode and nicely confined inside the waveguide. The far field
intensity profile is also generated and match quite closely to the experiment result with ~ 0.22◦ in x
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direction and 8.8◦ in y direction FWHM at λ = 400 and 650 nm (Figure 8). As expected, the FWHM for
400 nm is slightly smaller than 650 nm.

(a) (b)

(c) (d)

Figure 11. Index and modal profile of the proposed rib waveguide at λ = (a) 400 and (b) 650 nm with
r = 0.5 and at 650 nm with (c) r = 0.7 (d) and r = 0.9 respectively.
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(a)

(b)

Figure 12. Wave propagation along the waveguide using a Gaussian beam profile for the 4 μm core
input fiber (a) operating at 0.4 μm, (b) operating at 0.65 μm, middle figure showing field amplitude
profile at z = 1800 μm (near the tip of the cantilever waveguide), (c) far field beam profile at λ = 400 nm
and (d) 650 nm.
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3. Fabrication

3.1. Scanner Fabrication Process

The fabrication procedure of the electrostatic scanner is shown in Figure 13 [22]. A 4-inch silicon
wafer with a standard thickness of 525 ± 25 μm served as the substrate for the device fabrication. The
substrate was immersed in a Piranha solution (H2SO4:H2O2 = 4:1) to clean off organic residues and it
was rinsed thoroughly using deionized (DI) water. After rinsing, the substrate was dried using spin
rinse dryer (SRD) and then it is further dried on a hotplate at 200 ◦C for 10 min. After cleaning, a double
layer SU-8 structure was created on the substrate using photo-lithography process. A 2 μm layer of
SU-8 5 (MicroChem, MA) was first spun coat onto the silicon substrate to form the actuator body and
slab part of the waveguide following instructions provided by the MicroChem Corp. An additional
layer of 2 μm-thick SU-8 layer was spun and exposed on top of the first layer after post-exposure bake
(PEB) to create the rib of the waveguide. During pre-baking, the temperature was first held at 70 ◦C for
one minute before ramping from 70 ◦C to 105 ◦C at a rate of 3 ◦C/min to reduce the extrinsic stress of
the SU-8. Finally, the sample was held at 105 ◦C for 15 min before cooling down to room temperature
at a rate of 2 ◦C/min.

Figure 13. Fabrication process of electrostatic scanner. (a–e): scanner body and bottom electrodes
(f,g): top electrodes. (a) Double-layer photolithography process to define rib shape waveguide and
scanner pads; (b) Development process to create SU-8 waveguide and body; (c) Au/Ti thin films are
deposited and patterned by lift-off process; (d) Front side fiber grooves are patterned and deep etched
using deep reactive-ion etching (DRIE); (e) the scanner (bottom electrode and waveguide) were released
by DRIE again from the backside of the wafer; (e) Backside etch-through to release actuators and
waveguide; (f) top electrode is deposited and patterned on a second silicon wafer; (g) SU-8 spacers are
spun and patterned.

Using a contact aligner, the geometry of the waveguide slab, the rib, and the actuator body were
transferred from the soda lime masks onto the double-layer SU-8 film via UV exposure. The exposed
film underwent the post exposure bake (PEB) to cross-linked the defined geometry. During PEB, the
wafer was first placed on a hotplate for 1 min. at 70 ◦C. The temperature was held for 1 min, and then
it was ramped from 70 ◦C to 105 ◦C at a rate of 3 ◦C/min. The hotplate was held at 105 ◦C for 1 min,
and then it was cooled to room temperature over a 30-min period (a longer cooling period compared to
manufacture specification). After the sample was cooled down to room temperature, the double-layer
SU-8 film was then developed in PMGEA (an ethyl lactate and diacetone alcohol, MicroChem Corp.,
Westborough, MA, USA) for 1 min with mild agitation. The wafer was rinsed thoroughly in isopropyl
alcohol (IPA) for another 1 min and then it was dried using SRD. The 20 nm Ti with 200 nm Au metal
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electrodes were made using E-beam deposition and lift-off process. Prior to metal deposition, a layer of
negative photoresist NR9-3000PY (Futurrex Inc, Franklin, NJ, USA) was spun onto the SU-8 layer. The
pattern was then transferred from a soda lime mask to the resist to define the electrode area. Similar to
the previous process, the fiber groove was formed through subsequent photolithography and DRIE.
Finally, the device (scanner and bottom electrodes) were released from backside via bulk silicon etching
using DRIE.

The 20 nm Ti with 200 nm Au metal electrodes were made using E-beam deposition and lift-off
process. A layer of negative photoresist NR9-3000PY (Futurrex Inc) was spun onto the SU-8 layer
before the metal deposition. The pattern was then transferred from a soda lime mask to the photoresist
to define the electrode area. Similar to the previous process, the fiber groove was formed through
subsequent photolithography and DRIE. Finally, the device (scanner and bottom electrodes) was
released from backside via bulk silicon etching using DRIE.

The fabrication process of the top electrode was a two-step micro-fabrication process. A second
four-inch wafer was prepared as a substrate for SU-8 deposition as before. The top electrode area
is defined using photolithography process, and an e-beam evaporator system is used to deposit the
Titanium adhesion layer and the Au electrode. The metal thin films were then patterned by lift-off
process. A SU-8 spacer was spun and patterned onto the electrode layer. With the aid of an extra
packaging design, which will be introduced in the next section, the top electrodes were aligned with
the scanner and the bottom electrodes.

3.2. Device Package

An 8.0 mm × 8.0 mm × 1.0 mm acrylic-based photopolymer holder was designed and fabricated
using a multi-material three-dimensional printing system (X-axis: 600 dpi; Y-axis: 600 dpi; Z-axis:
1600 dpi, Connex350, Stratasys Ltd.) [22] to secure the MEMS device. A gradient index (GRIN) lens
(4.85 mm length × 2 mm diameter GRIN lens rod by GRINTECH GmbH, Jena, Germany, working
distance = 20 mm, beam width = 20 μm, view angle = ±30◦, and NA = 0.5) was installed and secured
in a tube structure formed by the assembly of the upper and the lower part of the holder as shown
in Figure 14. Our proposed GRIN lens was fixed and placed at a predetermine distance beyond the
end of the cantilever inside the holder to focus the diverging beams at the output of the waveguide to
an object plane at a certain distance away. The estimated beam width at the focal plane was around
20 μm when the GRIN lens was placed at 0.4 mm away from the waveguide at the scanner designed
wavelength of operation. The calculated angular deflection of the proposed scanning system was
about 5◦ total (2.5◦ on each side), which minimizes aberrations and vignette at the output.

Figure 14. Schematics of assembled MEMS device, including top electrode, scanner, bottom electrodes,
and gradient index (GRIN) lens with the device holder.
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4. Results and Discussions

The device was successfully fabricated (Figure 15a,c) [22]. Initially, due to its large aspect ratio and
residual stress, the cantilever waveguide appeared bent (Figure 15b) [22]. This problem was quickly
resolved by carefully controlling the baking procedure. Using more gradual heating and cooling and
different baking temperatures, we were able to obtain a straighter beam (Figure 19a) [22]. To resolve
the adhesion problem (shown in Figure 16a) [22] between the SU-8 waveguide and the silicon nitride
substrate, the soft bake temperature was increase from 65 ◦C to 70 ◦C (soft bake) and the post exposure
bake (PEB) temperature was increased from 95 ◦C to 105 ◦C. The increase in temperature produced a
smooth and laminated surface on the SU-8 layer (Figure 16b) [22]. The dimension of the waveguide
was slightly reduced in thickness and width due to the double layer structure usually being produced
much thinner.

Figure 15. (a) MEMS scanner with push-pull actuators. (b) Bending waveguide due to large aspect
ratio and residual stress. (c) SU-8 rib waveguide at the tip.

Figure 16. Lithographic result of double-layer SU-8 waveguide on nitride/silicon substrate. (a) Baking
at lower temperature (65 ◦C /95 ◦C) where large SU8 film area such as actuators appear to peel from
the nitride surface (b) when operates at higher temperature (70 ◦C/105 ◦C), SU8 film appears smooth
and laminated.

The devices were released using backside deep reactive-ion etching (DRIE). However, it was
harder to etch around the corner, leaving silicon residue (Figure 17a) [22]. When more etching cycles
were added, the corners became clear, but some of the SU-8 waveguide did not survive (Figure 17b) [22].
In the future, we will revise the mask design so that SU-8 waveguides are better protected during
the DRIE.
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Figure 17. (a) The 750-deep reactive ion etching cycles were used to release the scanner (picture is
taken from the backside), (b) 30 additional cycles were later added to further remove the Si residue
around the edges of the window.

The scanner test sample setup is shown in Figure 18 [22]. The top and bottom layers of the
scanner were secured inside the rapid-prototyped holder and larger external contact pads were built to
allow easier access to the smaller device contacts (Figure 18a). A 10 mW He–Ne laser (λ = 632.8 nm)
provides the input light to a single mode optical fiber (diameter = 4.3 μm). A XYZ positioning stage
(incremental linear encoder with 100 nm resolution) provides the accurate light coupling between
the light-carrying optical fiber to the SU-8 rib waveguide. Two cameras equipped with high power
lenses (250× magnification) were used to aid the alignment of the optical fiber in the vertical and
horizontal directions. A third camera, a microscope, is placed near the tip of the waveguide to observe
the light emitted.

Figure 18. (a) MEMS device test sample: device in the red square shows the top electrode. The bottom
electrode consists of the moving push-pull actuators and the cantilever waveguide (partially covered
by the top electrode), (b) optical tests were taken by two cameras equipped with high power lenses
(250×magnification).

After using the microscope and the cameras to align the fiber to the scanner, light can be observed
at the tip of the waveguide (Figure 19), Figure 19a shows the aerial view of the light coupling from
taper fiber to the rib waveguide. Light can be seen at the tip of the waveguide. Some coupling loss can
be seen from the escaping light at the interface. Some dimmer escaping light can also be observed at
the bending part of the waveguide. Despite the losses, Figure 19b shows that the optical beam is nicely
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confined by the core of the waveguide. The intensity of the light at the output of the waveguide and
the light from the input fiber were measured. The average coupling (or transmission) efficiency was
measured to be around 10% (Table 3). The low coupling efficiency was mainly due to inherent process
imperfections in making the fiber groove.

Figure 19. (a) Optical coupling from the taper fiber to the SU8 rib waveguide. (b) Light observed at the
tip of the SU8 rib waveguide. Light appears nicely confined inside the core of the waveguide.

Table 3. Light coupling measurements.

Intensity Measured at
Input Fiber End (V)

Intensity Measured at
Waveguide Output (V)

mean 1 0.077 0.014

mean 2 0.079 0.004

mean 3 0.075 0.006

Mean 0.077 ± 0.001 0.008 ± 0.001

Coupling efficiency (%) N/A 10.390

The optical test was also performed on scanner to measure the beam profile coming from the
GRIN lens coupled device package (Figure 20). A 20-micron beam diameter is observed at 2 cm focal
length, matching the estimated beam width.

Figure 20. Pictures show (a) scanner coupled with optical fiber and GRIN lens. (b) direct observation
of beam profile. Beam spot is the bright spot in the figure. Surround scattering red lights are from
input fiber.

The performance of the device was evaluated by applying voltage according the patterns shown
in Figure 2. Vertical scanning motion of the waveguide was accomplished by applying 100 VDC to
the bottom electrodes and ±150 V AC voltage to all of the top electrode with synchronized phase.
Horizontal scanning motion of the waveguide was achieved by driving actuators with the same voltage
settings for generating vertical motion but with a 180◦ phase delay between the left and right top
electrodes. The driving voltages were much larger than the estimated voltages due to the increase in
gap space between top and bottom electrodes compared to the original design. To find the resonant
frequencies for both directions of the waveguide motion, the operating frequency was swept from
1 to 10,000 Hz (1 to 6000 Hz is shown here) (Figure 21) and the displacement of the waveguide was
measured. A vertical resonant mode was found at 201 Hz, which was slightly lower than the simulation
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result (240.07 Hz). A horizontal mode was found at 535 Hz, compared to 1343.82 Hz in the simulation.
The amplitudes of vibration were 130 and 19.2 μm, respectively. The initial displacement measurement
and actuation displacement of the scanner was smaller than expected, most likely due to inaccurate
modelling of air damping and boundary condition, intrinsic stress in the cantilever and the under
etched residual silicon around edges of the actuator (Figure 26).

Figure 21. Waveguide mechanical frequency response. Both vertical and horizontal displacement were
measured. Driving input voltages are 100 V DC applied at the bottom electrodes and +150 V AC at the
top electrodes.

Due to larger air gap (compared to the simulation), additional DC voltage was added to reduce
the input driving voltage. Figure 22 [22] shows the behavior of actuator membrane when various DC
voltages were applied to the top electrode while bottom electrodes were grounded. The deformation
of the actuator membrane can be observed visibly starting at 200 V.

Figure 22. Actuator deformation under different DC applied voltages. Deformation can be observed
by comparing the change in areas indicated by the red arrows.

To characterize the scanning performance, the tip displacement and the scanning angle of the
waveguide were measured against input actuation voltages (Figure 23) [22]. The scanning angle was
calculated as the inverse of the sine function of the tip displacement over the waveguide length, in
this case, 1820 μm. An amplifier (30×) was used in order to create a large enough electric field for
driving the device. A linear relation can be observed between the tip deflection/scanning angle and the
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driving voltage. A tip displacement of 111.8 μm (vertical) and 20 μm (horizontal) was observed at the
maximum test voltage of 150V under 1 Hz driving frequency (Figure 24).

(a) (b)

Figure 23. (a) Waveguide tip displacement and (b) corresponding scanning angle vs. applied voltage
at 1 Hz driving frequency.

(a) (b)

Figure 24. Pictures show superimposition of waveguide’s peak displacement in (a) horizontal and
(b) vertical direction. Both displacements are operated at 1 Hz ± 150 V AC and 100 V DC. Black spot on
proof mass in left image is the silicon residue.

The frequencies of the two lowest vertical and horizontal modes are 240.07 and 1343.8 Hz
in non-resonating simulation, compared to 201 and 532 Hz in experimentation. (Figure 21). The
discrepancies were most likely due to reduction in the overall geometry in the final device. Due to heat
related shrinkage, with 10% deviation in the width and/or thickness, overexposure, and process errors,
the resonant frequency can vary by more than 10%. According to the results obtained from our later
ANSYS simulation, where by decreasing the slab width from 20 to 10 microns, the two lowest resonant
frequencies then matched closely to the experiment results. In this case, the vertical and horizontal
frequencies in the simulation were then 238.32 and 562.68 Hz, respectively (Figure 25).

The other factors could be stem from imperfections in the fabrication process. For example,
varying thickness in the (optimally uniform thickness) SU-8 waveguides, additional under-etched
silicon residues on the SU-8 after the DRIE backside etching (see the dark spot (silicon residue)) on the
backside of the proof mass in Figure 24 and vibration reduction in actuators due to the silicon residue
on the edges of the backside window in Figure 26.
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(a)

(b)

(c)

Figure 25. ANSYS modal analysis of scanner with slab width reduce to 10 microns. The two lowest
frequencies 238.32 Hz and 562.68 Hz in the simulation appear closely matching the experiment results.
(a) Mode shape at 238.32 Hz, (b) mode shape at 562.68 Hz. (c) Corresponding harmonic responses
measured experimentally.

Figure 26. Arrows in the microscopic picture show the residual silicon around corners of the actuators
after DRIE. Picture taken from the backside of the actuators.

A 2D scanning motion is successfully demonstrated in the non-resonating configuration with
201 Hz in vertical direction and 20 Hz in horizontal direction (Figure 27). The 34 μm horizontal
and 130 μm vertical displacement or 0.019 to 0.072 radians in field of view were obtained. Here the
non-resonating mode was performed in the horizontal direction instead of vertical direction as described
in the earlier non-resonating simulation because the experiment shows a much improve overall dynamic
performance (a larger vertical and horizontal mechanical vibration or FOV) (Figure 21) [22].
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(a) (b)

Figure 27. Microscopic images show the vertical displacement driving at (a) 0 Hz, (b) non-resonating
2D scanning at 201 Hz in vertical and 20 Hz in horizontal direction. (Pictures are taken directly above
the scanner so vertical and horizontal directions are switched).

5. Conclusions

In this paper, we presented a novel, fully integrated MEMS-based 2D mechanical scanning system
using 1D push–pull actuators. Detail design, fabrication and tests were performed. The results from
the preliminary tests prove the push-pull actuator concept works and two-directional displacements is
possible using this new 1D actuator design.

The scanner’s mechanical and optical parameters were analyzed and optimized to determine
the best line resolution and FOV. Based on the simulation, the dominant factors affecting scanner
resolution are the cross-section and length of the waveguide. Higher resolutions can be achieved with
a vertically thin or horizontally wide T cross section on a longer waveguide. The best optical single
mode operation can be achieved by rib waveguide configuration.

The horizontal resonance of 532 Hz and vertical resonance of 201 Hz were found from the
mechanical test. Discrepancy to the simulation results as mentioned in the discussion are mainly due
to the dimension reduction in the proof mass and waveguide slab width and thickness. As shown in
Figure 25, reduction in proof mass (5×) increases the vertical vibration resonant frequencies (4×) and
smaller slab width (2.2×) decreases the horizontal resonant frequencies (2×). It is worth noting that it
is extremely difficult to model this scanner design due to the fact that both optical and mechanical
structure must both be optimized at the same time. It is also a challenge to correctly model the
residual stress and damping and other factors that can only be found experimentally. Other factor
contribute to the deviation could be result of fabrication errors. With 10% deviation in the width and/or
thickness, the resonant frequencies can vary by more than 10%. The under-etched silicon remained in
the backside of the SU-8 waveguide can add additional mass or stiffness to the system and further vary
the resonant frequencies.

Initial coupling tests showed a 10% coupling efficiency between the optical fiber and the MEMS
waveguide. The measured value is relatively low compared to the optical simulation results. The
relatively large cross section (4 μm in height and 20 μm in width) of the double-layer SU-8 rib
waveguide design is expected to provide a coupling efficiency of ~94% with a Gaussian beam profile
input and broad band single mode operation (λ = 0.4 to 0.65 μm) with a minimal transmission loss (3%
output transmission loss–model not including absorption and scattering loss). The coupling efficiency
decrease is likely to be caused by imperfections in the fabrication process used during the process and
the micron-range precision needed to align the optical fiber with the waveguide coupler for optimal
coupling. As shown in simulation, slight offset in input position in either the vertical or horizontal
direction creates tremendous coupling loss (e.g., a 1 micron offset from the original x = 0 μm and
y = 2 μm input position results in an observed 17% light reduction).

For the FOV and line resolution test, the largest FOV is found to be 0.015 rad at 532 Hz in horizontal
and 0.072 rad at 201 Hz in vertical direction (Figure 21) and the largest line resolution is calculated
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to be about 90 dots per line. The scanner system can definitely be improved. More revisions to the
actuator and coupling system are needed to achieve a better FOV and line resolution.

A 2D scanning motion is successfully demonstrated in the non-resonating configuration with
201 Hz in vertical direction and 20 Hz in horizontal direction. A 34 μm horizontal and 130 μm vertical
displacement or 0.019 to 0.072 radians in field of view were obtained.

In this paper, we have successfully demonstrated a 2D optical scanner using pairs of 1D electrostatic
parallel plate push-pull actuators. Results show tip displacement changing linearly as a function of input
actuator voltage. The light beams are well guided and confined within the core of the rib waveguide
structure. The optical package with GRIN lens also focuses the output diverging beam as intended. A
2D scanning motion operating at non-resonating configuration is also successfully demonstrated.
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Abstract: Piezoelectric arrays are widely used in non-destructive detecting, medical imaging and
therapy. However, limited by traditional manufacturing methods, the array’s element is usually
designed in simple geometry such as a cube or rectangle, restricting potential applications of the array.
This work demonstrates an annular piezoelectric array consisting of different concentric elements
printed by Mask-Image-Projection-based Stereolithography (MIP-SL) technology. The printed array
displays stable piezoelectric and dielectric properties. Compared to a traditional single element
transducer, the ultrasonic transducer with printed array successfully modifies the acoustic beam and
significantly improves spatial resolution.

Keywords: 3D Printing; piezoelectric array; ultrasonic transducer; ultrasonic imaging

1. Introduction

With exceptional piezoelectric, dielectric, and electronics properties, piezoelectric materials have
been the focus of significant interest in the botch industry and academic fields. The wide applications
ranging from signal sensor and energy harvesting devices to electromechanical actuator [1–3].
Among this material, piezoelectric ceramic with high piezoelectric constant and electromechanical
coupling coefficient can effectively convert electrical signals into mechanical vibrations and vise versa,
which results in obvious advantages in drug delivery, particle manipulation, ultrasonic imaging,
and therapy [4–7]. The corresponding ceramic array with complex geometry has great potential to
improve the performance of piezoelectric devices. For example, a piezoelectric array incorporating
a hexagonal shape element demonstrated the evenly distributed sidelobe compared with rectangular
shape element for nondestructive testing [8]. However, a piezoelectric array with complex geometry is
challenging using traditional manufacturing methods such as dicing and etching [9,10]. In this regard,
digital, additive, and automatic printing technologies offer a promising approach.
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Additive manufacturing, or more commonly, 3D printing technology, is widely considered
a revolutionary manufacturing technology. During past decades, direct inkjet based printing,
extrusion-based direct write technique, and light exposure based Stereolithography Apparatus (SLA)
have been used in ceramic component fabrication [11–20]. SLA involving the light exposure on
photocurable polymer allows for the manufacture of complex geometry layer-by-layer with small
resolution (X-Y resolution < 25 μm). It is compatible with multilaterals and composites printing,
offering a distinct advantage for integrating functional materials in 3D objects [21–23]. Therefore, SLA
has significant promise in a broad range of fields including mechanical and biomedical engineering.
In previous work, Xuan et al. reported composite fabrication using Mask-Image-Projection-based
stereolithograhpy integrated with tape-casting (MIP-SL) [24]. This method has been used for
manufacturing a variety of materials such as resin and alumina ceramic. With MIP-SL method,
we fabricated piezoelectric ceramic nanoparticles into 3D objects in previous work [25]. Since the
decrease in surface energy due to a reduction in surface area is the main driving force for
ceramic sintering, the nanoparticle-based fabrication results in improved piezoelectric property.
After a specifically designed post processing, the 3D objects display the abilities on energy focusing and
ultrasonic sensing. This method has great potential in applications of piezoelectric devices. The single
element focused transducer concentrates an ultrasonic beam at a certain point (focus zone) with
constant distance away from the transducer. The focus point has the highest intensity and the smallest
lateral resolution. However, the lateral resolution at other positions besides except the focus point is
unsatisfactory for ultrasonic imaging. Compared to a single element transducer, an array transducer
has the potential to improve the focus zone and lateral resolution [26,27].

In this study, we present here the design, fabrication, and post processing of piezoelectric array
with piezoelectric effect and precisely controlled geometry using the MIP-SL system (Figure 1a). The 3D
model was produced by Solidworks (Figure 1c,d,e). A Digital Micromirror Device (DMD) controlled
the image pattern projected on the slurry (Figure 1b). An annular array with a limited number of
elements was assembled in the ultrasonic array transducer that improved the lateral resolution and
depth of field (focus zone). The resulting piezoelectric array structures are mechanically robust in
the device, with stable dielectric and piezoelectric properties. Overall, the additive manufactured
piezoelectric array enables improved performance and differing function of the corresponding device.

2. Materials and Methods

The BaTiO3 Nano powder (solid loading, 100 nm, Sigma-Aldrich St. Louis, MO, USA) was used
as the raw materials. To modify the powder surface, an azeotropic mixture and dispersant (Triton
x-100, Sigma-Aldrich, Saint Louis, MO, USA 0.5–0.8 wt.% on a dry weight basis of ceramic powders)
were mixed with the powder by planetary mill (pulverisette 5, FRITSCH Idar-Oberstein, Germany)
with 200 rpm rotation speed for 12 h. The azeotropic mixture consisted of methylethylketone (66 v/v%,
99%, MEK, Sigma-Aldrich, Saint Louis, MO, USA) and ethanol (34 v/v%, 99.5%, Sigma-Aldrich, Saint
Louis, MO, USA). The mixture with powder was then dried at 50 ◦C for 12 h. After the evaporation of
the solvent in the dispersion, deagglomerated BaTiO3 powders with dispersant adsorbed on to their
surface can be obtained.

The deagglomerated BaTiO3 powder was mixed with a photocurable resin (SI500, EnvisionTec
Inc., Ferndale, MI, USA) by ball milling for 1 h. The solid loading was 70 wt.%. MIP-SL system was
used to fabricate 3D green part with the slurry. When the slurry was exposed under visible light,
the photocurable resin in the slurry produced a cross-linked matrix, forming a strong bond between
BaTiO3 powders and polymer network. The 3D model was produced by Solidworks (Figure 1a).
A Digital Micromirror Device (DMD) controlled the images pattern projected on the slurry (Figure 1b).
After the layer-by-layer process, a 3D green part was fabricated (Figure 2b).

The post-processing steps involved organic binder removal and high-temperature sintering.
The 3D green part was debinded in a muffle furnace with Argon under 600 ◦C for 3 h. After the furnace
cooling, the debinded part was put in a regular muffle furnace with air at 1300 ◦C for 2 h.
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The sintered samples and bulk samples were poling under 30 kV/cm at 100 ◦C for 30 min.
Dielectric constant and dielectric loss (tanδ) measured by an impedance analyzer (Agilent 4294A,
Santa Clara, CA, USA). Density was measured by ASTM B962-14 standard. Piezoelectric constant was
measured by d33 meter (APC International, Ltd., Mackeyville, PA, USA).

The array transducer was fabricated using the annular array. Epoxy (Epo-Tek 301, Billerica,
MA, USA) was filled into the kerf between each element. A 150 nm Cr/Au layer was sputtered on
the annular array to serve as the electrode Figure 3a. Four electric cables were connected on the
elements with conductive epoxy (E-Solder 3022, Von Roll Isola Inc., New Haven, CT, USA) shown in
Figure 3b. The housing was an Aluminum Silicate. Epoxy (Epo-Tek 301) with an acoustic impedance
of ~6 MRayl was inserted into the housing to serve as the backing layer (Fgiure 3c). A Cr/Au layer
was sputtered on the other side of the annular array with a cable attached on the layer (Figure 3d.)
After that, a 10μm-thick parylene was vapor-deposited by Specialty Coating System (SCS, Indianapolis,
IN, USA) on the other Au surface to protect the transducer array. The impulse-echo response of each
element in the array transducer was measured by an ultrasonic system consisting of PC, gage card,
JSR500, function generator, motor and quartz target (Figure 5).

The transducers were driven by JSR500 (Ultrasonics, Imaginant Inc., Pittsford, NY, USA) and
triggered by the function generator with a pulse repetition frequency (PRF) of 1kHz. The ultrasonic
signals were filtered by an analog band-pass filter. A 12-bit digitizer card (ATS9360, Alazartech,
Montreal, QC, Canada) with a 1.8 GHz sampling rate was used to record the signals (Figure 5).
To obtain a 2D image, the transducers were mounted on a stepper motor (SGSP33-200, OptoSigma
Corporation, Santa Ana, CA, USA) for mechanical scanning with 36 μm increment.

3. Results and Discussion

3.1. Characterization of Sintered-Parts

An annular array (Figure 2a,b,c), self-focused linear array (Figure 2d,e,f), and cylinder array
(Figure 2g,h,i) were fabricated using MIP-SL and the post-processing method. Figure 2a,d,g show the
green-part involving piezoelectric nanoparticles printed by the MIP-SL system. Figure 2b,e,h display
the piezoelectric array after post-processing and Figure 2c,f,I are the optical images of the array under
a microscope. The scanning electron microscope images of the debinded part and sintered sample
were shown in Figure 2j and k, respectively. The figures show that after post-processing, the density of
printed ceramics increased obviously. Limited by traditional machining technology, the piezoelectric
elements of array are usually designed in square or rectangular shape with fixed kerf, while the three
types of printed array demonstrates more flexibility of complex geometry. The specific designed
annular array can not only focus ultrasound, but also improve the depth of acoustic field (Focus zone).
The design and application will be discussed later.
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Figure 1. (a) sketch of Mask-Image-Projection-based Stereolithography system. (b) Green part
controlled by image pattern. (c–e) 3D model designed by SolidWork.

Figure 2. (a), (d), (g) Green-part fabricated by MIP-SL system. (b), (e), (h) Optical images of piezoelectric
array after sintering. (c), (f), (i) Details of the array under microscope. (j) Scanning electron microscope
image of printed sample after debinding process. (k) SEM image of printed sample after sintering process.

A set of cylindrical samples with 10mm diameter and different thickness (400 μm, 800 μm, 1.2 mm,
1.6 mm) were fabricated using the same fabrication process. The bulk cylindrical samples and the printed
array with complex geometry were used to characterize the printed piezoelectric ceramics. The poling
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filed was 30 kV/cm at 100◦C for 30 min. The dielectric constant was 1300~13,500, the dielectric loss was
0.018~0.02. Density was 5.62~5.64 g/cm3. Piezoelectric constant was 146~160 pCN−1.

3.2. Annular Array Transducer

Here we designed an annular array and fabricated it with the MIP-SL method. A transducer
using the printed annular array with a limited number of elements can provide an improved depth of
field and improve lateral resolution over the field, when compared with a single element transducer
with the same total aperture and focal length.

The annular array consists of 5 concentric elements and the outermost element can prevent
damage during sample transfer. After sintering, the outermost element was removed from the annular
array. The thickness of the array was 400 μm. The area and center frequency of 4 working elements
were designed as 13.5 mm2 and 6 MHz.

An ultrasonic transducer was fabricated using the printed annular array (Shown in Figure 3).
Figure 3f numbers each element after sintering, the actual area can be found in Table 1. Impedance
analyzer (Agilent 4294A) was used to measure the spectrum of impedance and phase. The spectrum of
element 1 is shown in Figure 3g. The other elements have the similar spectrum. The electromechanical
coupling coefficient of piezoelectric materials is defined as the ratio of the mechanical energy accumulated
in response to an electrical input or vice versa, which can be expressed in the following equation:

kt =

√
Mechanical energy stroed
Electrical energy applied

(1)

=

√
Electrical energy stored

Mechanical energy applied
(2)

kt can be formulated as [28]:

kt =

√
πfr

2fa
× cot

πfr

2fa
(3)

where fr is resonant frequency, and fa is anti-resonant frequency. For example, Figure 3g shows the
spectrum of the element in the array transducer. The fr and fa are 5.54 MHz and 6.1 MHz, respectively,
and the corresponding kt is 46.5%. The coupling coefficient of printed bulk ceramics and other array
elements were measured with the same method and the values do not have an obvious difference
(46.3~46.5%). The results demonstrate that both the printed bulk ceramics and array have stable
dielectric and piezoelectric properties, which do not change obviously in their geometry and thickness.

Table 1. The measured pulse and echo characteristics for all elements.

Characteristics Element 1 Element 2 Element 3 Element 4

Center Frequency (MHz) 5.72 5.86 6.39 6.12
−6 dB Bandwidth (%) 19.6 12.9 19.8 23.6

Vpp (mV) 402 793 626 1039
−20 dB Pulse Length (ns) 1940 1621 989 2949

Area (mm2) 13.7 13.2 13.6 13.5
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Figure 3. (a–d) Structure of annular array transducer. (e) Optical image of annular array transducer.
(f) Four elements of annular array. (g) Element’s spectrum of impedance and phase.

Each element can transfer electrical impulses to mechanical oscillation and then generates
ultrasound. After a target reflects the ultrasound, the elements converted the returned echoes
back into electrical impulses, which could be further processed to from an ultrasonic image.
The impulse-echo response was measured by an ultrasonic system. Figure 4 represents the pulse-echo
waveform (solid line) in time domain and normalized spectrum in frequency domain of each element.
Table 1 shows the measured pulse and echo characteristics for all array elements. VPP is peak-to-peak
voltage. The variations between four elements may be caused by the debinding and sintering process,
which lead to inaccuracy of the geometry.

Figure 4. Pulse-echo waveform (solid line) and normalized spectrum of element 1 (a), element 2 (b),
element 3 (c) and element 4 (d).
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To test the performance of the annular array transducer, the quartz target in Figure 5 is replaced
by a wire phantom with 3 tungsten wires (50 μm in diameter). Figure 6a displays the sketch of the wire
phantom. The phantom was imaged by the annular array transducer and a single element transducer,
respectively, to assess the lateral resolutions. The single element has the same aperture (diameter) with
the array transducer and 6MHz center frequency.

Figure 5. Schematic of the test system setup for pulse-echo detecting and ultrasonic imaging.

Figure 6. (a) Sketch of the wire phantom. The inset is the optical photo of the wires. (b) Phantom
imaging by single element transducer. (c) Phantom imaging by annular array transducer. (d) Schematic
of the acoustic beam for single element (left) and annular array (right).
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The array transducer is controlled by a stepper motor. The scan direction is labeled as a red
arrow shown in Figure 6a. As the transducer changes scanning distance, it detects the wire at different
depths. After one element transmits an initial signal, an element receives the echo signal. This process is
a transmit-to-receive combination. So in this study, 4 elements have 16 transmit-to-receive combinations
(4 × 4 = 16). These transmit-to-receive combinations were processed with a specific beam forming
technology reported in reference [29] for the ultrasonic images. Figure 6b,c demonstrates the phantom
images of the single element and annular array transducer when the dynamic range was −25 dB.
The phantom image of the array transducer (Figure 6c) displays an improved signal to noise ratio
compared to the single element transducer (Figure 6b). Figure 7 shows the dB (signal magnitude)
versus scanning distance for single element (Figure 7a,b,c) and annular array (Figure 7d,e,f) transducer
when the wires were set at different distances away from the transducer. As Figure 7a shows, the lateral
resolution is the intercept (read dash line) when dB (magnitude) is the maximum value (black dash
line) minus 6 dB. Table 2 shows the lateral resolutions at a different depth of different transducers.
Because the ultrasonic beam diverges quickly when the depth is larger than 8.0 mm, we studied the
lateral resolution within 8 mm.

Table 2. Resolution of single element and annular array.

Depth (mm)
Resolution (mm)

Single Element Annular Array

5.6 1.4 1
6.8 1.5 1.05
8 1.1 1.1

The results indicate that the focus point of the single element transducer is located at 8 mm away from
the transducer, when the lateral resolution is 1.1 mm. But the lateral resolution (beam width) of the single
element at another depth is obviously larger than 1.1 mm. For example, the lateral resolution at 5.6 mm
depth is 1.4 mm. In contrast, the array transducer provides similar and small lateral resolutions (beam
width) less than 1.1 mm from 5.6 mm to 8 mm. A sketch of ultrasonic beams generated by two different
transducers is shown in Figure 6d. With the tunable focus zone, medical imaging for the target at a different
depth can be achieved. Not only medical imaging, but also particle manipulation and ultrasonic therapy
can benefit from the boarder focus zone. There are two downsides to this method. Firstly, the density of
printed samples is lower than bulk materials. Secondly, the debinding and sintering process would lead to
defects and inaccuracy of the geometry.
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Figure 7. Signal magnitude (dB) versus scanning distance for lateral resolution measurement.
The resolution was measured when the depth between wire and single element were 5.6 mm (a),
6.8 mm (b) and 8 mm (c). The resolution was then measured when the depth between wire and annular
array were 5.6 mm (d), 6.8 mm (e) and 8 mm (f).

4. Conclusions

Using Mask-Image-Projection-based Stereolithography, photocurable resin and nano ceramic
particles can be 3D-printed into arbitrarily shaped arrays. After post-processing, the dense ceramic
arrays display stable piezoelectric and dielectric properties. A specifically designed annular array
was printed with our method. Each element of this array can convert electric signals to mechanical
vibration, and vice versa. With a beam forming, the ultrasonic transducer with printed array improved
the acoustic field and signal-to-noise ratio, which resulted in a longer focus zone and the smaller lateral
resolution. This array transducer with tunable focus zone and resolution has many benefits in medical
imaging, non-destructive detecting and high intensity focused ultrasound. The 3D printing enabled
morphology of the piezoelectric array can lend itself to a range of potential applications in the medical
transducer, composite design, and wearable and implantable electronics.
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Abstract: Scanning MEMS (micro-electro-mechanical system) mirrors are attractive given their
potential use in a diverse array of laser scanning display and imaging applications. Here we
report on an electrostatic MEMS mirror for high definition and high frame rate (HDHF) Lissajous
scanning. The MEMS mirror comprised a low Q-factor inner mirror and frame mirror, which provided
two-dimensional scanning at two similar resonant scanning frequencies with high mechanical stability.
The low Q inner mirror enabled a broad frequency selection range. The high definition and high frame
rate (HDHF) Lissajous scanning of the MEMS mirror was achieved by selecting a set of scanning
frequencies near its resonance with a high greatest common divisor (GCD) and a high total lobe
number. The MEMS mirror had resonant scanning frequencies at 5402 Hz and 6702 Hz in x and y
directions, respectively. The selected pseudo-resonant frequencies of 5450 Hz and 6700 Hz for HDHF
scanning provided 50 frames per second with 94% fill factor in 256 × 256 pixels. This Lissajous
MEMS mirror could be utilized for assorted HDHF laser scanning imaging and display applications.

Keywords: MEMS mirror; Lissajous scanning; pseudo-resonant; sensing; imaging; display

1. Introduction

Microscanners play a vital role in various low-power and compact scanning applications,
including in display [1–4], sensing [5–8], and biomedical imaging [9–16]. In particular, resonant
MEMS (micro-electro-mechanical system) mirrors provide a focus beam with a small size and
high energy efficiency at any distance [17–20] and the monolithic fabrication facilitates low-cost
commercialization [21,22]. Unlike raster scanning MEMS mirrors, Lissajous MEMS mirrors operate
at high scanning frequencies in both axes and also offer simple fabrication [3,23], high mechanical
stability [17,24], and uniform scanning quality [21,25]. However, in MEMS mirrors, there is still a
trade-off between the frame rate (FR) and the fill factor (FF) for high quality laser scanning.

This trade-off relationship restricts the implementation of high definition and high frame rate
(HDHF) Lissajous scanning. The FF increases as the ratio of two scanning frequencies becomes more
complex, whereas the pattern repeat rate is lessened. Full-repeated Lissajous scanning often has a
low frame rate, which is determined by the pattern repeat rate. In contrast, non-repeated Lissajous
scanning provides a higher frame rate than the pattern repeat rate [26]. However, non-repeated
scanning exacerbates the trade-off relationship between the FF and the FR. Besides, the frame rate can
be determined by the ratio of two scanning frequencies [2,3], but the frame rate is usually a non-integer.
The resonant frequency of Lissajous MEMS mirrors is highly dependent on the physical dimension and,
thus, an integer frame rate is barely obtained due to the microfabrication tolerance. Furthermore, some
technical artifacts, such as flickering phenomenon, occur [2]. Recently, the frequency selection rule
for HDHF Lissajous scanning has been reported to overcome the trade-off relationship [27]. The FR
increases the greatest common divisor (GCD), while the FF increases with the total lobe number,
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i.e., divided by the sum of two scanning frequencies as the GCD of the two scanning frequencies.
The frequency selection should satisfy a high GCD and high total lobe number results in HDHF
Lissajous scanning. HDHF Lissajous scanning with 10 frames per seconds and 92% fill factor was
demonstrated with a 1 kHz scanning frequency. HDHF Lissajous scanning has been successfully
implemented in PZT (piezo-tube) fiber scanners; however, it has not yet been achieved with MEMS
mirrors. PZT fiber scanners have been widely used for endomicroscopic applications [16,28,29];
however, they still have some technical limitations including a high cost and the need for further
miniaturization. The conventional Lissajous mirror has a high Q-factor, which substantially changes
the scanning amplitude depending on the scanning frequency. For this reason, the conv-entional
Lissajous mirror still has technical limitations for HDHF Lissajous scanning applications.

Here we report an electrostatic MEMS mirror capable of high definition and high frame rate
(HDHF) Lissajous scanning. Figure 1 indicates a schematic illustration of the high definition and high
frame rate (HDHF) Lissajous MEMS scanner. The HDHF Lissajous MEMS mirror features an inner
mirror with a low Q-factor, which allowed a broad selection range of scanning frequencies. A low
Q-factor of the inner mirror was realized by using a thin and short torsion bar. The selection of scanning
frequencies at pseudo-resonance with a high GCD and high total lobe number (N, ( fx + fy)/GCD),
which is larger than the minimum total lobe number (Nmin) for the targeted FF, allowed HDHF
Lissajous scanning. Note that fx and fy infer the resonant frequencies of the inner mirror and frame
mirror, respectively, whilst fx’ and fy’ infer the selected scanning frequencies of the inner mirror and
frame mirror, respectively, as determined by the frequency selection rule.

Figure 1. A schematic illustration of the high definition, high frame rate (HDHF) Lissajous MEMS
mirror. A conventional raster MEMS mirror provides two-dimensional (2D) scanning with a ratio of
two frequencies of 1:N and a torsional micromirror usually requires a flexible micro-spring. Unlike
raster scanning MEMS mirrors, conventional Lissajous MEMS mirrors have high mechanical stability.
Conventional Lissajous mirrors also have a high Q factor, which derives a substantial change of the
scanning amplitude depending on the scanning frequency. In contrast, the HDHF Lissajous MEMS
mirror features an inner mirror with a low Q-factor, which allowed a broad selection range of scanning
frequencies. The selection of scanning frequencies at pseudo-resonance with a high greatest common
divisor (GCD) and a high total lobe number (N, ( fx + fy)/GCD), which is larger than the minimum
total lobe number (Nmin) for the targeted FF, enabled HDHF Lissajous scanning. Since the designed
MEMS mirror is for 2D laser scanning, biaxial scanning frequencies had to be selected. Note that fx

and fy infer the resonant frequencies of the inner mirror and the frame mirror, respectively. In addition,
biaxial scanning frequencies are defined as fx’ and fy’, which infer the selected freque-ncies of the inner
mirror and frame mirror, respectively, determined by the frequency selection rule.
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2. Device Fabrication and Characterization

The microfabrication procedure of the Lissajous MEMS mirror is described in Figure 2a. A MEMS
mirror was fabricated using a 6-inch SOI wafer (silicon-on-insulator wafer, top Si: 30 μm, buried oxide
(BOX) layer: 2 μm, bottom Si: 400 μm) with high conductivity (resistivity: 0.01–0.02 Ω·cm). Firstly,
the top silicon layer was defined by deep reactive ion etching (DRIE) and refilled with silicon dioxide
through wet oxidation and poly-silicon by low pressure chemical vapor deposition (LPCVD). The front
side was flattened using chemical mechanical polishing (CMP), followed by the thermal evaporation
of a 200-Å-thick titanium and 1000-Å-thick gold film. The Au electrode pads were patterned with
a wet-etch process. The top silicon layer and bottom silicon layers were etched down to define the
MEMS mirrors with a backside opening using DRIE. A buried oxide layer of the opening area was
removed in buffered oxide etchant (BOE) to release the MEMS mirror. The remaining photoresist
layers were clearly stripped out by using oxygen plasma. Individual MEMS mirrors were completely
detached from the SOI wafer using the fused-tether method with Y-shape tethers with a width of
4 μm [30]. Figure 2b shows a scheme of the electrical layout of the MEMS mirror. Gray, red, and blue
indicate the driving voltage of the inner mirror, the driving voltage of the frame mirror, and the ground,
respectively. Figure 2c indicates a top SEM image of the fabricated Lissajous MEMS mirror (scale bar:
200 μm). The physical dimensions of the MEMS mirror were 1.2 × 1.2 × 0.43 mm3. Figure 2d,e show
the perspective SEM images of the comb drives of the inner mirror and the frame mirror, respectively.
The widths of the torsion bar were 2.8 μm and 8.8 μm in the inner mirror and the frame mirror,
respectively. The Q-factor was determined by the flexure width, height, and length of the MEMS
mirror. A thin torsion bar provided a low Q-factor for the inner mirror, which made a broad frequency
tuning range [31]. The effective stiffness and the resonant frequencies of the Lissajous MEMS mirror
were calculated using finite element analysis (COMSOL Multi-physics® ver. 5.3). The MEMS mirror
provided a high yield (95% yield, 2000 mirrors in a 6-inch wafer).

 

Figure 2. Microfabrication procedure and SEM images of HDHF Lissajous MEMS mirror.
(a) Microfabrication procedure. The MEMS mirror was fabricated using a 6-inch SOI wafer with
high conductivity. (b) A schematic of the electrical layout of the MEMS mirror. (c) Top SEM image of
the microfabricated HDHF Lissajous MEMS mirror (scale bar: 200 μm). The physical dimensions of
the MEMS mirror were 1.2 × 1.2 × 0.43 mm3. (d–e) Perspective SEM images of the comb drives of the
inner mirror and the frame mirror, respectively (scale bar: 50 μm). The widths of the torsion bar were
2.8 μm and 8.8 μm in the inner mirror and the frame mirror, respectively.
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3. Scanning Frequency Selection for HDHF Lissajous Scanning
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Figure 3. Scanning properties and scanning frequency selection for HDHF Lissajous scanning.
(a) Frequency response of the HDHF Lissajous MEMS mirror. The MEMS mirror has resonant
frequencies at 5402 Hz and 6702 Hz in the inner mirror and the frame mirror, respectively. The frequency
tuning range should be larger than the greatest common divisor (GCD) frame rate. The inner mirror
features a low Q-factor (Q = 18) for frequency selection. (b) Color maps of the GCD and total lobe
number for selecting scanning frequency along biaxial frequency domain. High GCD and high total lobe
number allow high definition and high frame rate Lissajous scanning. The selected frequency sets for
HDHF Lissajous scanning should satisfy the requirements for both a high GCD and high lobe number.
For instance, based on the frequency selection rule, the fill factor was over 85% at256 × 256 pixel
resolution, while the total lobe number was 237 or more. Frequency sets where the total lobe number
was greater than 237 in the first color map were selected. Next, in the second color map, a frequency
set with the higher GCD value was selected from the previously selected frequency set. The scanning
frequencies were determined as 5450 Hz and 6700 Hz (GCD = 50, total lobe number = 243) for HDHF
Lissajous scanning. HDHF frequency set was selected within the range of 1% of the resonant frequency.
(c) Calculated fill factor (FF) of the MEMS mirror along the scanning time. The fill factor initially
increased with time; however, the maximum FF and the convergence time varied with the set of
selected scanning frequencies. The scanning frequencies of 5450 Hz and 6700 Hz provide a single
Lissajous figure of 94% in FF at every 1/50 s.

Figure 3a indicates the frequency response of the HDHF Lissajous MEMS mirror. The frequency
response was obtained by measuring the scanning angle of the MEMS mirror depending on the
operation frequency. The MEMS mirror had a resonant frequency at 5402 Hz and 6702 Hz in the inner
mirror and the frame mirror, respectively. The total scanning angles were 20◦ and 18◦ with 40 Vpp

operation voltages in the inner mirror and the frame mirror, respectively. The inner mirror featured
a low Q-factor (Q = 18) for a broad band selection of scanning frequency. The Q-factor is calculated
as Q = fr/Δ f f whm ( fr: resonant frequency, Δ f f whm: the full width at half maximum). The scanning
frequencies were selected at the frequencies with a 0.7 dB bandwidth. Figure 3b shows the color maps
of the GCD and the total lobe number with the different scanning frequencies. A high GCD and high
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lobe number play a significant role when selecting the frequency sets for HDHF Lissajous scanning.
In order to acquire a fill factor over 85% at 256 × 256 pixel resolution, the required total lobe number
based on the frequency selection rule should be greater than 237. The first color map in Figure 3b
selects the frequency sets where the total lobe number is greater than 237. The second color map in
Figure 3b selects the frequency set with the highest GCD value among the selected frequency sets in the
first color map. The scanning frequencies were determined as 5450 Hz and 6700 Hz (GCD = 50, total
lobe number = 243) for HDHF Lissajous scanning. Figure 3c shows a calculated fill factor (FF) along
the scanning time. The convergence time and the maximum fill factor were apparently different as the
scanning frequencies changed, while the FF increased with time. The selected scanning frequencies of
5450 Hz and 6700 Hz provided HDHF scanning (94% fill factor at 1/50 s).

 

Figure 4. Lissajous scanning patterns and theoretical trajectory depending on different scanning
frequencies. (a) Optical images of the Lissajous scanning patterns depending on different scanning
frequencies (1/50 s). (b) Pattern-projected image of the geese. The Lissajous scanning pattern of (a)
was projected onto the image of geese. (c) Theoretical analysis of Lissajous laser trajectory depending
on different scanning frequencies at 1/50 s. Simulation was conducted using MATLAB R2017a and
the source image had a 256 × 256 pixel resolution. Compared to resonance scanning, scanning at the
selected frequencies of 5450 Hz and 6700 Hz provided a high fill factor with a high frame rate.

Figure 4a shows optical images of Lissajous scanning patterns at different sets of scanning
frequencies (1/50 s). Scanning patterns were obtained at scanning frequencies of 5402 Hz/6702 Hz,
5447 Hz/6704 Hz, 5450 Hz/6700 Hz, and 5494 Hz/6700 Hz, respectively. Scanning at the selected
frequencies of 5450 Hz and 6700 Hz provided a high fill factor, compared to other frequencies, including
the resonant frequency. Figure 4b shows a pattern-projected image of the geese, wherein the Lissajous
scanning pattern of Figure 4a was projected onto the image of geese. Figure 4c shows a theoretical
analysis of the Lissajous laser projected image at 1/50 s. The simulation was conducted using MATLAB
R2017a. The Lissajous pattern with two scanning frequencies was tracked through 256 × 256 pixels
for 1/50 s and then overlapped with the image. The Lissajous scan trajectory gradually filled with
time, and the fill factor at the selected frequencies of 5450 Hz and 6700 Hz reached up to 94% in 1/50 s.
Compared to the resonance scanning, pseudo-resonant scanning at the selected frequencies provided a
high fill factor with a high frame rate. In addition, Tables 1 and 2 show assorted sets of HDHF scanning
for 256 × 256 and 1280 × 720 pixel resolutions, respectively. The HDHF MEMS mirror clearly provides
a wide tuning range, as well as various frame rates with a high fill factor.
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Table 1. A set of scanning frequencies with different frame rates and fill factors for 256 × 256 pixels.

Frequency (Hz) 5408/6704 5420/6700 5425/6700 5450/6700 5427/6700

Greatest common divisor
(GCD) (frame rate (FR)) 16 20 25 50 67

Fill factor (%) 100 98 100 94 84

Table 2. A set of scanning frequencies with different frame rates and fill factors for 1280 × 720 pixels.

Frequency (Hz) 5400/6702 5400/6708 5410/6700 5408/6704 5420/6700

GCD (FR) 6 8 10 16 20
Fill factor (%) 100 100 100 90 52

4. Summary

In summary, we have successfully demonstrated HDHF Lissajous MEMS mirrors. The Lissajous
MEMS mirror had a low Q-factor for the inner mirror for a broad frequency tuning range, as well
as similar resonant frequencies in the inner mirror and the frame mirror, with high mechanical
stability. The MEMS mirror had resonant frequencies at 5402 Hz and 6702 Hz in the inner mirror
and the frame mirror, respectively. The total scanning angles were 20◦ and 18◦ with 40 Vpp operation
voltages in the inner mirror and the frame mirror, respectively. High definition and high frame
rate (HDHF) Lissajous scanning was successfully realized by applying the scanning frequency
selection. The controlled Lissajous MEMS mirror provided a 94% fill factor at 50 frames per second for
256 × 256 pixels. In addition, diverse sets of HDHF scanning were demonstrated for potential use in
various applications. HDHF Lissajous MEMS mirrors can be utilized for assorted laser scanning-based
imaging and display applications.
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Abstract: This paper presents two novel techniques for monitoring the response of smart hydrogels
composed of synthetic organic materials that can be engineered to respond (swell or shrink,
change conductivity and optical properties) to specific chemicals, biomolecules or external stimuli.
The first technique uses microwaves both in contact and remote monitoring of the hydrogel as it
responds to chemicals. This method is of great interest because it can be used to non-invasively
monitor the response of subcutaneously implanted hydrogels to blood chemicals such as oxygen and
glucose. The second technique uses a metal-oxide-hydrogel field-effect transistor (MOHFET) and its
associated current-voltage characteristics to monitor the hydrogel’s response to different chemicals.
MOHFET can be easily integrated with on-board telemetry electronics for applications in implantable
biosensors or it can be used as a transistor in an oscillator circuit where the oscillation frequency of
the circuit depends on the analyte concentration.

Keywords: smart hydrogels; bio-sensors; chemo-sensor; electrochemical sensors; transduction
techniques; near-field microwave; microwave resonator; microwave remote sensing; potentiometric
sensor; gold nanoparticles; metal oxide field-effect transistor; chemo-FET; bio-FET

1. Introduction

Chemical, biological, and gas sensors usually rely on sensing materials that change their
electromagnetic and physical properties in response to molecules and chemicals of interest (analytes).
These changes are then measured with electric, magnetic, optical, thermal, or mechanical techniques
to identify and quantify the analytes. Hydrogels and aerogels are nearly ideal sensing materials
because they contain large voids and open regions (cages) in their structures. These voids allow
liquid and gas molecules to diffuse in/out of the hydrogel interior thereby resulting in physical,
chemical, electromagnetic, and mechanical changes in the hydrogel. Hydrogels’ cage-like structures
comprise cross-linked polymer networks that can be manipulated to interact with molecules with
different shapes, ionic content, and pH [1,2]. Moreover, at the microscopic and nanoscopic level,
the hydrogel structure can be modified with functional groups for sensitive and selective interactions
with specific molecules. Figure 1 schematically shows a hydrogel functionalized with pendant
negatively charged molecules that attract a target positively-charged analyte. The combination of these
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two oppositely-charged molecules results in dimensional, electrochemical, and physical changes in
the hydrogel.

Interesting applications of hydrogels include the sensing of important biological analytes such as
glucose. Hydrogels respond to stimuli by gradually absorbing/releasing water as shown in Figure 1.
The absorption of water by these hydrogels results in an increase in hydrogel volume (swelling) while
the release of water results in the decrease (de-swelling) of hydrogel volume. Hydrogel swelling and
de-swelling also result in electrical, chemical, and optical changes in the hydrogel.

Figure 1. Schematic of a hydrogel functionalized with pendant negatively-charged molecules that
attract or release positively-charged target analytes, resulting in physical, electrical, and chemical
changes in the hydrogel.

Various transduction techniques, such as optical, electrical, and mechanical techniques, have been
developed in the past to monitor hydrogel response to chemicals and biomolecules [3–12]. The optical
transduction technique measure changes in optical and dimensional properties of the hydrogels with
optical methods. This technique can detect small dimensional changes (at a nanometer scale) of
hydrogel, as well as small refractive index changes of the hydrogel when the hydrogel responds to
chemicals and stimuli. However, the major drawback of the optical technique is the bulkiness of
the readout instrumentation needed to capture the optical response of the hydrogel. The electrical
technique for measuring the hydrogel’s response to chemicals and stimuli relies on measuring hydrogel
conductance [11], resistance or impedance [12]. This electrical technique has the advantage of high
sensitivity and it can be used with compact read-out instrumentation. However, the technique requires
the hydrogel to be physically connected to an electronic circuit in applications where it is to be applied.
Mechanical techniques use strain gauges to measure changes in the hydrogel’s Young’s modulus or
volume/density. The main advantage of the mechanical technique is its simplicity. However, a major
disadvantage of this technique is that the output signal from the mechanical transducers is prone to drift.

Microwave techniques have been used to measure and monitor changes in the electromagnetic
properties of materials [13–23]. Microwave measurements can be very sensitive and can be used
remotely through many different media to non-invasively monitor the sensing material’s response to
its environment. The intervening media can be air, dielectric layers, and biological tissues (skin, fat,
etc.) without the probe making physical contact with the hydrogel or the enclosing media. Microwave
wavelengths can vary over a wide range from 100 cm (300 MHz) down to 30 μm (10 THz) providing a
powerful monitoring technique with a wide range of spatial resolutions and penetration depth. We are
in the process of performing terahertz reflectometry [24,25] and high-spatial resolution measurements
of hydrogels, and these results will be reported in the near future.

This paper demonstrates for the first time the remote microwave monitoring of hydrogels in real
time. In order to verify that the hydrogel that was synthesized for this study is responsive to analytes
and to check the feasibility and accuracy of the microwave technique, we measured the impedance
of the hydrogel sample in contact mode. Impedance spectroscopy is a well-known method for the
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electrical characterization of materials and is extensively used in hydrogels [8,10,12]. Subsequently,
we developed “in contact” and remote microwave methods for hydrogel monitoring.

We also developed a potentiometric (measured the potential across the hydrogel with current
~0) technique to monitor the changes in ionic content of the hydrogel. The potentiometric approach
was used in the past to construct hydrogel-based batteries and piezoelectric transducers [26,27] but
was not used as a transduction technique for hydrogel sensors. Here, the electric potential across the
hydrogel was used to detect the ionic concentration gradient across the hydrogel due to an analyte.
This phenomenon was then exploited to design a novel metal-oxide-hydrogel field-effect transistor
(MOHFET) whose channel material is a smart hydrogel. The MOHFET [28] design was based on
an open-face Field-Effect Transistor (FET) structure reported before [28–31]. Here, drop-casting was
used for depositing the hydrogel channel. The MOHFET characteristics changed as a function of
the hydrogel’s ionic content. Furthermore, a MOHFET with gold nanoparticles, (AuNP)-embedded,
was developed [32]. This gold-doped hydrogel channel increases the conductivity of the MOHFET
channel compared to the undoped MOHFET channel. MOHFETs are of great interest because they can
be used to detect the microscopic biomolecules in media with high ionic concentrations without the
limits imposed by the double electrical layer shielding the effect of the ionic medium (Debye-length
free sensing) [33]. The threshold voltage of the MOHFET reported in this paper varied reproducibly
with the concentration of the analyte that was measured.

2. Materials and Methods

2.1. Hydrogel Synthesis

2.1.1. Reagent Materials for Hydrogel Synthesis

For the synthesis [2,32] of the hydrogel, acrylamide (AAM) was obtained from Fluka
Analytical. N-[3 (dimethylamino)propyl]acrylamide (DMA) was purchased from Polysciences
Inc. (Warrington, PA, USA), and 3-acrylamidophenylboronic acid (3-APB) was purchased from
Frontier Scientific (Logan, UT, USA). N,N-methylenebisacrylamide (BIS), 4-(2-Hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES), dimethyl sulfoxide (DMSO), ammonium persulfate (APS),
and N,N,N′,N′-tetramethylethylenediamine (TEMED) were purchased from Sigma-Aldrich (St. Louis,
MO, USA). For hydrogel testing in a medium with high ionic concentrations, 1X-PBS was prepared
from Dulbecco’s phosphate buffered saline powder with pH and ionic strength adjusted to 7.4 and
155 mM, respectively. For hydrogel testing of an analyte with low ionic concentration, deionized (DI)
water was used for testing.

2.1.2. Synthesis of Stimulus-Responsive Hydrogel

The hydrogel was a polyampholytic copolymer with a nominal monomer composition of
80 mole% AAM, 10 mole% DMA, 8 mole% 3-APB, and 2 mole% BIS. The resulting hydrogel had a
composition optimized for measuring blood glucose levels in diabetic patients and it also had a large
sensitivity to ionic concentrations [34]. This hydrogel was synthesized by the free-radical crosslinking
copolymerization method using APS/TEMED as the free radical initiator [35]. Pre-gel solutions were
made by dissolving 19.1 mg of 3-APB powder in 85 μL DMSO in a 1.5 mL centrifuge tube, then adding
appropriate amounts of AAM and BIS stock solutions followed by DMA. Monomer mixtures were
diluted with additional HEPES to obtain 13 wt% (monomer/solvent) pre-gel solutions. TEMED was
added to pre-gel mixtures right before polymerization. Pre-gel mixtures were mixed well using a
vortex mixer and purged with Nitrogen gas for 5–10 min. After that, APS was added in an amount
equal to 0.2% of the total molar concentration of monomers. The mixtures were mixed for 10 s and
then quickly injected into the mold. Molds for hydrogels were constructed from two 8 cm × 8 cm
hydrophobic glass slides separated by a 400 μm Teflon spacer. Hydrogel mixtures were left in the
mold for 12 h at room temperature. After polymerization, the hydrogels were removed from molds
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and washed with deionized (DI) water in order to remove excess monomers. The hydrogels were
cut into cylindrical disks of diameter 5 mm. The thickness of each hydrogel disc was 400 μm. Next,
the hydrogels were alternatively washed in 1X-PBS solutions and 0.5X-PBS solutions (three cycles),
and then stored in 1X-PBS at ambient conditions in a dark place until experimental testing.

The gold nanoparticle-doped (AuNP) hydrogel used in the MOHFET was made by polymerized
acrylamide gel as backbones and bis-acrylamide as crosslinks with the gel thickness of the channel
being approximately 50 μm. The gold nanoparticle diameter was 50.7 ± 7.1 nm as measured with
a transmission electron microscope. Figure 2 shows a picture of the synthesized undoped and
AuNP-doped hydrogel.

Figure 2. Photograph of the synthesized hydrogel. (a) Undoped hydrogel. (b) AuNP-doped hydrogel.

2.2. Impedance Spectroscopy of Hydrogel

Impedance spectroscopy is a well-established electrochemical technique for measuring hydrogel
response to different analytes [8,10,12]. In this paper, impedance spectroscopy was used to measure
the impedance change of the synthesized hydrogel as a function of its ionic content. As shown in
Figure 3, the hydrogel was placed inside a fluidic cell (volume of 472 μL) centered over the 1 mm
wide inter-electrode gap of two planar triangular 35 μm-thick copper electrodes. The substrate for
the copper electrodes was a Roger RO4003C hydrocarbon/ceramic material of thickness 1.524 mm
from Rogers Corporation (Chandler, AZ, USA). The fluidic cell was glued to the substrate/copper
electrodes with epoxy. The sensor terminals were connected to the terminals of a 4284A Hewlett
Packard Precision LCR meter (Hewlett Packard, Palo Alto, CA, USA). An analyte was introduced into
the sensor cell, and the series capacitance and series resistance of the hydrogel sensor were monitored
from 20 Hz to 1 MHz in 25 logarithmic steps.

Figure 3. The device used for monitoring impedance changes of the hydrogel as the hydrogel responds
to chemical concentrations.
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2.3. Contact-Mode Microwave Hydrogel Measurements

Resonator-based microwave sensors have been used in the past in material-assisted sensors
because resonant microwave circuits are most sensitive at or around their resonance frequencies [19–23].
To demonstrate the use of microwaves for hydrogel response monitoring, a hydrogel-integrated
microwave resonator sensor was developed. This sensor consisted of a planar 1.3412 GHz
half-wavelength copper microstrip resonator on a Rogers TMM13i grounded ceramic substrate (Rogers
Corporation, Chandler, AZ, USA). The TMM13i ceramic was used in the sensor design because it
has a low dielectric loss (loss tangent 0.0019) and was not very porous to the analytes that were
used in this study. The relative dielectric constant of the ceramic substrate was 13. A fluidic cell
was glued to the open circuit end of a half-wavelength microstrip resonator, and the hydrogel was
placed inside the fluidic cell, as shown in Figure 4. The half-wavelength microwave resonator of
this sensor was 35.5 mm long and 1.8 mm wide. The other end of the sensor resonator was critically
coupled [14–16,36] to a 58.5 mm-long microstrip transmission line through a 100 μm coupling gap
(Figure 4). The TMM13i dielectric substrate of the resonator was 2.54 mm thick and it has an area of
53 mm × 94 mm. A SubMiniature version A (SMA) connector (Amphenol Corp., Wallingford, CT,
USA) was used to connect the resonator to an 8720C HP Vector Network Analyzer (VNA) (Hewlett
Packard, CA, USA). The power, number of points, and the intermidate frequency (IF) bandwidth of the
VNA were set to 0 dBm, 201, and 3.7 kHz, respectively. A LabVIEW program (LabVIEW version 2016,
National Instruments, Austin, TX, USA) was used to automatically monitor the change in probe’s S11
due to the hydrogel response to the DI water and 1× PBS.

Figure 4. Sensor for monitoring hydrogel response with microwaves in the contact mode. (a) Schematic
of the sensor. (b) Photograph of the sensor.

2.4. Contactless (Remote) Microwave Monitoring of Hyrogel Response

Microwave coaxial probes have been used in the past to remotely monitor the dielectric properties
of materials [37]. The setup for non-contact monitoring of the hydrogel response via remote microwave
sensing of hydrogel response is shown in Figure 5. The setup employs a coaxial microwave probe.
The probe consists of a Teflon cylinder coupled to a RG 58U coaxial cable of length 50 cm. The Teflon
cylinder has a diameter of 8.5 mm and length 5 mm. A brass ring was used to secure a copper back
plate to one of the flat surfaces of the Teflon cylinder, as shown in Figure 5a. To transfer the microwave
signals from the coaxial cable to the Teflon block, 1 mm length of the center conductor of the coaxial
cable was force-fitted into the Teflon cylinder and the outer conductor of the coaxial was soldered to
the copper back plate. The coaxial cable of the probe was connected to the 8720C HP Vector Network
Analyzer (Hewlett Packard, CA, USA). The power, number of points, and IF bandwidth of the VNA
were set to 0 dBm, 201 and 3.7 kHz, respectively.

To remotely monitor the hydrogel response through animal skin, the hydrogel was implanted
under the skin of a chicken drumstick. The probe was positioned at a standoff distance of 0.5 mm from
the chicken-skin surface over the embedded hydrogel (Figure 5b,c). A syringe and needle were then
used to inject water or 1× PBS into the chicken thigh and the microwave probe was used to remotely
monitor hydrogel response through the chicken skin. This measurement was done inside a protective
Plexiglass box to prevent the chicken thigh sample from drying up. A 0.5 mm standoff distance was
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chosen in these measurements because 0.5 mm is the resolution of the positioning system used in
the test setup. However, the closer the probe is to the container, the stronger the interaction of the
microwave with the hydrogel. The manner in which the E-field of the microwaves decay can be seen
in the E-field plot in Figure 5b.

Figure 5. Remote microwave probing of hydrogel. (a) Schematic of the Teflon microwave probe for
remote microwave monitoring of hydrogel response. (b) Schematic of setup for monitoring hydrogel
response through chicken skin. The field distribution of the decaying microwave fields is perturbed
when hydrogel swells or de-swells. This results in changes in the S11 of the probe. (c) Photograph of
setup for monitoring hydrogel response through the skin of a chicken drumstick.

2.5. Potentiometric Method for Monitoring Hydrogel Response

A potentiometric method for monitoring hydrogel response is a desirable method because it will
enable the hydrogel sensor to be integrated with inexpensive voltage readout electronics. Furthermore,
it opens up the possibility of using the hydrogel in novel electronic circuits for highly sensitive
detection. In the potentiometric method for monitoring hydrogel response, the hydrogel was placed
asymmetrically at the inter-electrode gap of the two planar triangular electrodes, as shown in Figure 3,
and the electric potential difference across the hydrogel (due to the difference in the ionic concentrations
between the two regions where the electrodes make contact with the hydrogel) was measured with a
175A Keithley Multimeter (Keithley Instruments, Cleveland, OH, USA) every 0.02 min over 1× PBS
and DI water cycles.

2.6. Monitoring Hydrogel Response with MOHFET Current-Voltage Characteristics

Based on the observed potentiometric responses of the hydrogel to analytes from the measurement
of the previous section, the hydrogel was used to develop a field-effect transistor (FET) sensor.
This hydrogel sensor with FET was designed by using undoped and gold nanoparticle-doped hydrogel
as the channel material in an open-channel FET structure. In earlier publications, we have reported the
fabrication and characterization of this device, used as a platform for experimenting with different
post-deposited channel materials [30,31]. The FET consisted of a bottom-embedded gate with hafnium

135



Micromachines 2018, 9, 526

oxide gate dielectric [30,31] and surface-exposed platinum drain and source electrodes with effective
channel length of 1 μm. The drop-cast hydrogel thickness was 50 μm. The schematic and photograph
of this FET sensor is shown in Figure 6. The electrodes of the sensor were connected to a 4156A HP
Precision Semiconductor Current-Voltage Parameter Analyzer (Hewlett Packard, CA, USA) through
a probe station. The experiment with this FET was carried out with various concentrations of PBS
(percentage by volume). The IV Characteristics curve of the FET were recorded for gate-source voltage
(Vgs) of −3 V, 0 V and +3 V for drain-source voltage (Vds) from −6 Volt to +6 Volt.

Figure 6. Hydrogel field-effect transistor (FET) sensor. (a) Schematic of the sensor. (b) Photograph of
sensor. The fabricated devices consisted of four electrodes but only three of the electrodes were probed
in the actual FET sensor.

3. Results

3.1. Impedance Spectroscopy for Monitoring Hydrogel Response

Figure 7a,b show the measured impedance (capacitance and resistance) of the DI water and
1× PBS of the hydrogel sensor (sensor shown in Figure 3) as a function frequency at different times.
The measurements were taken over a frequency range of 20 Hz to 1 MHz at 4 different times. Time t = 0
was when the hydrogel was taken from its original 1× PBS medium, placed at the inter-electrode gap
of the fluidic cell, and DI water added to the fluidic cell; time t = 60 min was at 60 min and this was
the time when the DI water was siphoned out of the fluidic cell and replaced with 1× PBS and so on,
as indicated in the insets of Figure 7. Figure 8a,b shows the result of the continuous monitoring of
hydrogel capacitance and resistance over cycles of adding 1× PBS and DI water to the fluidic cell at a
single frequency. The single frequency for the continuous monitoring (every 1.28 min) of the hydrogel
was 638 kHz. It can be seen from these results that the signature of the hydrogel response to DI water
is a decrease in sensor capacitance, while the signature of hydrogel response to 1× PBS is an increase
in sensor capacitance. The reverse is the case for sensor resistance.
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(a) 

(b) 

Figure 7. Impedance of the hydrogel-integrated sensor. (a) Time-dependent change in capacitance of
the hydrogel sensor. (b) Time-dependent change in resistance of the hydrogel sensor. It can be seen
that phosphate buffered saline (PBS) reduces the hydrogel sensor’s electric resistance and increases
hydrogel’s response capacitance.

Figure 8. Impedance of the hydrogel sensor as a function of time as solutions with different ionic
concentrations were introduced. (a) Hydrogel sensor capacitance in response to deionized (DI) water
or 1× PBS. (b) Hydrogel sensor resistance in response to DI water or 1× PBS.

137



Micromachines 2018, 9, 526

3.2. Contact-Mode Microwave Measurements of Hydrogels

The hydrogel from impedance spectroscopy measurements was used in the contact-microwave
hydrogel sensor device shown in Figure 4. The S11 spectrum of the microwave resonator probe and
fluidic cell assembly before loading the hydrogel and the analyte into the fluidic cell is shown in
Figure 9a. Figure 9b shows the S11 of the probe assembly when the fluidic cell of the probe was loaded
with DI water or with 1× PBS, without hydrogel integration with the resonator. With only the analyte
present in the fluidic cell, the S11 spectra of the sensor did not change significantly with time. Figure 9c
shows the S11 of the probe loaded with DI water and 1× PBS, now with the hydrogel at the tip of the
resonator inside the fluidic cell. This measurement was done over a frequency band of 1.175 GHz to
1.2 GHz at 4 different times. At time t = 0 the hydrogel was taken from its original 1× PBS medium,
placed in the fluidic cell at the tip of the microstrip resonator, and DI water added to the fluidic cell.
At time t = 60 min, the DI water was siphoned out of the fluidic cell and replaced with 1× PBS; and so
on. Figure 10 shows the result of continuously monitoring (every 6 s) the S11 of the hydrogel sensor
over cycles of 1× PBS and DI water at a chosen frequency within the 1.175 GHz to 1.2 GHz band.
The chosen single frequency for this S11 monitoring was 1.1917 GHz. This frequency was chosen
because it is the frequency where the S11 change of the sensors was maximum when the analyte was
changed from DI water to 1× PBS.

Figure 9. Microwave reflection spectra of the microwave probe. (a) Spectrum of the microwave probe
with no hydrogel or analyte; (b) Spectrum of the microwave probe with analyte but no hydrogel;
(c) Spectra of the microwave probe with hydrogel for different analytes at different times.

It should be noted that the smaller resistance of the PBS + hydrogel loads down the microwave
resonator resulting in a shallow S11 around the resonance frequency as can be seen in Figure 9b.
With the water analyte, however, the hydrogel resistance increases and the S11 at resonance becomes
much smaller. These observations are corroborated by the impedance measurement results shown in
Figure 7.
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Figure 10. S11 of microwave resonator/probe with hydrogel at 1.1917 GHz as a function time with
different analytes.

3.3. Remote Microwave Monitoring of Hydrogel Response

Figure 11 shows the result of using the probe to continuously monitor the hydrogel implanted
under the skin of a chicken drumstick. The frequency for the remote monitoring was 3.726 GHz.
The probe response is more complex than before because of other ionic species inside the chicken.
However, the change in the S11 is consistent with the results obtained in the contact-mode
measurements (Figure 9). In this measurement, at probe resonance, the injection of PBS solution
reduces the magnitude of S11 while the injection of water increases S11 magnitude.

Figure 11. Remote monitoring of the swelling/de-swelling of hydrogel sensor implanted under the
skin of a chicken drumstick with the Teflon-protected microwave probe.

3.4. Potentiometric Method for Monitoring Hydrogel Response

The voltage difference across the hydrogel in response to different analytes was measured as
a function of time. As shown in Figure 12, the potentiometric response to the hydrogel to DI water
and 1× PBS was measured. The interesting aspect of this measurement is that it can be accomplished
using a simple digital voltmeter. It does not require any additional signal source or sensitive detection
equipment Moreover, it can be used as the basis of a voltage-controlled hydrogel oscillator for wireless
telemetry of hydrogel response to chemicals. The normalized change in the voltage (ΔV/V) is very
large, at around 500%.
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Figure 12. Potential generated across the hydrogel sensor as a function of time in response to 1× PBS
and DI water.

3.5. Montioring Hydrogel Response with Metal-Oxide-Hydrogel Field-Effect Transistor (MOHFET)
Current-Voltage (IV) Characteristics

The hydrogel FET sensor was characterized with various concentrations of phosphate buffer
solution (PBS). The Current-Voltage (IV) characteristics were measured for gate voltage Vgs = −3, 0
and +3 V for drain to source voltage Vds from −6 Volt to +6 Volt as shown in Figure 13. The percentage
changes in the channel conductance with and without PBS was around 120%, which is similar to the
resistance changes discussed in the potentiometric measurements.

(a) 

(b) 

Figure 13. Chemical sensing with the hydrogel FET (a) Id-Vds plot of the hydrogel with Au-NP device
with various concentrations of PBS in DI water by volume at Vgs = −3 V and Vds = −6 V to +6 V (b) Id

at Vds = −5 V for different concentrations of PBS by volume for Vgs = −3 V.
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4. Discussion

4.1. Microwave Monitoring of Hydrogel Response

As mentioned earlier, hydrogel responds to changes in ionic concentration by absorbing or
releasing water (swelling or de-swelling). In the hydrogel integrated with the contact-mode microwave
hydrogel sensors, the absorption/release of water leads to changes in the dielectric constant of the
hydrogel, and this change can be computed with the Maxwell–Garnett approximation [38]:

εe f f = εm
(2δi(εi − εm) + εi + 2εm)

2εm + εi + δi(εm − εi)
(1)

where εeff is the dielectric constant of the swollen or de-swollen hydrogel, εm is the dielectric constant
of the hydrogel matrix, εi is the dielectric constant of the water contained in the hydrogel, and δi is the
volume fraction of water contained in the hydrogel. Since the hydrogel is in close proximity with the
microwave probe, changes in hydrogel dielectric property result in changes in the probe’s response.
In the hydrogel sensor with contact-mode microwave readout, the hydrogel was placed at the tip of the
microstrip resonator. This tip is where the electric field of the resonator is maximum and where slight
changes in the hydrogel’s complex permittivity result in big changes in the microwave impedance of
the probe.

The open-circuit half-wavelength resonator of the hydrogel probe can be modeled as a parallel
resonant resistor-capacitor-inductor (RCL) circuit [36] as shown in the model of Figure 14. In this
model, the hydrogel and the analyte are modeled as an RC circuit [39]. The microwave resonator
and the analyte are modeled with constant circuit parameters because their properties do not
change over time in the measurements. However, the hydrogel’s electrical parameters change in
a time-dependent manner since the hydrogel respond slowly to changes in the concentration of an
analyte in contact with the hydrogel (as the hydrogel gradually swells or de-swells). In addition to the
hydrogel, the background analyte also loads the resonator. However, the analyte loads the hydrogel
instantaneously and the loading effect is stationary.

The hydrogel response sensing with remote microwave probe can be modeled in a similar
way as the contact-mode sensor. However, the dielectric layers (air, plastic, or skin) between the
hydrogel and the microwave probe are modeled by a coupling capacitor as shown in Figure 14c.
In the subcutaneously implanted hydrogel, due to the low coupling capacitance between the probe
and the implanted hydrogel, the observable change in probe S11 due to the swelling/de-swelling
of the hydrogel is low. This is seen by the small variation in the S11 in Figure 11 as the hydrogel
swells/de-swells. Furthermore, the environment of the hydrogel when the hydrogel was implanted
under the chicken skin differs significantly from the controlled fluidic cell of the hydrogel in the
contact-mode microwave measurement. Hence, there is a noticeable artifact in Figure 11 of the S11 of
the probe in response to the swelling/de-swelling of the hydrogel under the skin of the chicken.

From the results presented in Sections 3.2 and 3.3 and from the analysis above, it can be
concluded that the hydrogel responds to the analyte because it is a water encapsulation medium
whose encapsulation property is time-dependent. When the hydrogel swells by absorbing water,
it brings more water closer to the microwave probe. Therefore, the S11 measured by the probe varies in
a time-dependent manner towards the S11 of the probe when the probe is sensing only water (without
the hydrogel present). The reverse occurs when the hydrogel de-swells. The schematic illustrating the
hydrogel as a transient encapsulation medium for the hydrogel sensors with contact-mode microwave
is shown in Figure 15. The degree to which the fields of the probe interact with the hydrogel/analytes
can be seen in the figure. This illustration is easily extended to the remote microwave readout case.
This illustration also applies to the results of the hydrogel impedance sensor of Section 3.1.
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Figure 14. Circuit model of hydrogel sensing with microwave. (a) Circuit model of the microstrip
microwave resonator; (b) Circuit model of the resonator, analyte and hydrogel of the hydrogel sensor
with contact-mode microwave readout; (c) Circuit model of the probe, analyte and hydrogel of hydrogel
sensing with remote microwave readout.

Figure 15. Schematic illustrating the behavior of a hydrogel as an encapsulation medium for water.

In future studies, the contact and remote microwave probes will be calibrated to different
chemicals, including glucose, in order to compare their sensitivities to that of other transduction
techniques for hydrogel sensing. It should be mentioned that the microwave transduction technique
has the advantage that its sensitivity can be easily amplified with innovative detection techniques such
as the heterodyne detection technique [33]. Developing a highly-sensitive transduction technique for
hydrogel sensing will allow researchers to focus more on synthesizing hydrogels for chemical and
biomolecule selectivity rather than focusing on synthesizing for both sensitivity and selectivity at the
same time.
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4.2. Montioring Hydrogel Response with MOHFET IV Characteristics

The predominant conduction mechanism in hydrogel film is ionic conduction [40]. A hydrogel
doped with Au-NP increases the current conduction limit due to additional conductivity of gold
nanoparticles and possible current tunneling between them. The channel conductivity increased as
a function of PBS concentration in both hydrogel and AuNP-hydrogel channels but the change was
larger in AuNP-hydrogel channel. At zero PBS concentrations the channel conductivities of both
devices were low and similar, indicating that the hydrogel was swollen and any additional conductivity
due to AuNP was lost. The MOHFET data will be used to design an implantable oscillator that can
wirelessly [41] send glucose concentration [42] to an outside reader unit.

5. Conclusions

Two novel methods for monitoring the response of hydrogels to chemicals have been developed
in this paper. The first method is the microwave-monitoring method. This method measures the
perturbation of the fields of a microwave probe by swelling/de-swelling hydrogel to monitor hydrogel
response. This allows both contact (invasive) and remote (non-invasive) monitoring of the hydrogel
response. The remote microwave sensing is of greater interest because it can be used for sensing
the response of subcutaneously implanted hydrogels. The other novel method is the field-effect
transistor method in which the current-voltage characteristics of a FET with a hydrogel channel was
used to monitor the response of the hydrogel to chemicals. The FET monitoring is an extension of the
potentiometric measurement that was also presented in this paper. The sensitivity of the potentiometric
technique was 3 times larger than the resistance and MOHFET changes (Figure 7) and 35 times larger
than the S11 changes (Figure 10). The FET sensing technique has the advantage that it can be used in
an oscillator for wireless telemetry of hydrogel response to chemicals.
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Abstract: This paper describes the design of an ultrahigh frequency ultrasound system combined with
tightly focused 500 MHz ultrasonic transducers and high frequency wideband low noise amplifier
(LNA) integrated circuit (IC) model design. The ultrasonic transducers are designed using Aluminum
nitride (AlN) piezoelectric thin film as the piezoelectric element and using silicon lens for focusing.
The fabrication and characterization of silicon lens was presented in detail. Finite element simulation
was used for transducer design and evaluation. A custom designed LNA circuit is presented
for amplifying the ultrasound echo signal with low noise. A Common-source and Common-gate
(CS-CG) combination structure with active feedback is adopted for the LNA design so that high
gain and wideband performances can be achieved simultaneously. Noise and distortion cancelation
mechanisms are also employed in this work to improve the noise figure (NF) and linearity. Designed
by using a 0.35 μm complementary metal oxide semiconductor (CMOS) technology, the simulated
power gain of the echo signal wideband amplifier is 22.5 dB at 500 MHz with a capacitance load of
1.0 pF. The simulated NF at 500 MHz is 3.62 dB.

Keywords: ultrahigh frequency ultrasonic transducer; Si lens; tight focus; finite element simulation;
low noise amplifier (LNA); noise figure

1. Introduction

Ultrahigh frequency ultrasound has recently been investigated as a tool in the field of microbiology.
Applications include acoustic microscopy for the non-invasive investigation of biological tissue and
living cells [1–4] and non-contact manipulation of microparticles or cells that are based on radiation
force principle [5–7]. State of the art in acoustic microscopy is to work with single element focusing
transducers. In most cases, the transducers in the ultrahigh frequency range are based on ZnO thin
films on sapphire with a grind spherical cavity as a focusing element on the opposite side of the
ZnO layer.

The attenuation of generated signal in water is proportional to the covered distance and the
square of the frequency. With the increasing operation frequency, the focus distance of the transducer
should decrease, thus demand smaller radius and higher sphericity of the lens. When comparing with
a sapphire lens for ultrahigh frequency ultrasonic transducer design, a silicon lens might be more
appropriate for the following reasons: (1) the silicon wafer is cheaper than the sapphire crystal;
(2) good uniformity can be utilized using microelectromechanical systems (MEMS) lithography
and etching techniques for the silicon lens rather than the grinding method for the sapphire lens;
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and, (3) it is possible to make multi lens on a silicon lens body for advanced transducer configurations.
In addition, the signal amplitude of the ZnO based transducer is rather low for a good performance
in acoustic microscopy due to the weak piezoelectric behavior. Another important non-ferroelectric
piezoelectric material, Aluminum nitride (AlN), possess better chemical and thermal stabilization,
better compatibility with the complementary metal oxide semiconductor (CMOS) technology than
ZnO [8–10]. Furthermore, the much higher longitudinal wave velocity benefits AlN for ultrahigh
frequency application.

Figure 1 shows a schematic diagram of an ultrahigh frequency ultrasonic transducer that is based
on the silicon acoustic lens. The ultrasound is generated by an AlN thin piezoelectric layer with
electrode on both sides. The AlN layer is sputtered on the silicon lens body according to special
designed pattern to reduce the rim echo around the lens cavity. Two lead wires are electrical connected
with the bottom and top electrodes. The whole device was encased in a brass tube to provide RF
shielding. The gap between the brass tube and the device was filled by insulating epoxy.

Figure 1. Schematic diagram of the AlN ultrahigh frequency ultrasonic transducer and the echo signal
processing system.

Miniaturization and performance improvement of the ultrasound system have been developed
in the past several years. One of the driving forces is the improvement of the transducer technology,
and the other one is the advanced semiconductor technology based on which the integrated circuits
(IC) for ultrasound application could further enhance the system sensitivity and reduce the cost.
The transducer front-end, especially the analog receiving portion, plays a significant role in the overall
performance of the system. Low noise, large bandwidth, high frequency, and linearity are the important
aspects that should be considered carefully. The typical ultrasound receiving analog front-end (AFE)
IC, as shown in Figure 1 consists of a low noise amplifier (LNA), a time-gain-compensation (TGC)
amplifier and a low-pass or band-pass filter, and generally these blocks are arranged in a cascade
scheme to make up the AFE receiver chain [11]. The amplified and filtered echo signals will be finally
converted to be digital signals by an analog-to-digital converter (ADC) and processed by the digital
signal processing (DSP) block. In fact, performances of the first block LNA including bandwidth,
noise figure, gain and linearity have a decisive impact on the performances of the overall AFE receiver
chain. The noise figure (NF) of an n-cascaded structure receive chain can be expressed as

NF = NF1 +
NF2 − 1

G1
+

NF3 − 1
G2

+ · · ·+ NFn − 1
Gn−1

(1)

where NFi and Gi stands, respectively, for the noise figure and gain of the ith circuit block in the chain.
It is obvious that high gain (G1) of the LNA could reduce the noise contribution of the following
stages, and low noise figure (NF1) of the LNA could result in a low NF of the whole receiver chain.
Meanwhile, high gain of the LNA could also relax the circuit complexity of the other gain blocks in
the AFE. Since the real medical ultrasound echo signal is not a signal with only one single frequency,
large bandwidth of the first block LNA is desirable to guarantee the integrity of the information carried
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in the ultrasonic echoes. The linearity of the LNA should also be considered and simulated carefully
since the distortions and nonlinearities introduced by the LNA are unlikely to be removed by the
following stages in the AFE [12–14]. Although some well-known chip design companies, such as the
ADI (Analog Devices Inc., Norwood, MA. USA), MAXIM (MAXIM integrated Inc., Sunnyvale, CA,
USA), and TI (Texas Instruments Inc., Dallas, TX, USA) had designed a series of low noise LNA chips
which can be used for the ultrahigh frequency ultrasonic applications, a good trade-off, especially
between the noise and gain, were not achieved. Most of the chips were featured with good noise
performance while poor gain performance.

In this work, we presented the design of 500 MHz ultrasonic transducers using AlN piezoelectric
thin film as the piezoelectric element and using silicon lens for focusing. The fabrication and
characterization of silicon lens was presented in detail. As the most important circuit block in the AFE
for echo signal processing, a wideband and high gain LNA with an inductor-less CS-CG combination
structure was also designed in this work. The LNA that was proposed in this work featured low noise
figure, high gain, and good linearity characteristics.

2. Fabrication and Characterization of Silicon Lens

The isotropic XeF2 dry etch process was chosen for etching silicon cavity over the conventional
isotropic wet etch. Previously we used HF:HNO3:CH3COOH = 1:2:3 (HNA) solution wet etching [3].
The dry etch process has several advantages over it: (1) photoresist can be directly used as etching
mask while an additional hard mask (SiN) that is grown by low pressure chemical vapor deposition
LPCVD is necessary in the wet etch process. Therefore, fabrication time is reduced. (2) XeF2 etching
can be realized at a slower etching rate than wet etching, leading to better half sphere shape and better
surface smoothness. (3) XeF2 etching process is more controllable. We can control the etching depth
easily by just changing the number of etching cycles. Contrarily, wet etching is very sensitive to the
HNA solution’s composition (the ratio of hydrofluoric acid, nitric acid, and acetic acid), which cannot
be controlled accurately. (4) All reactions happen inside closed chamber which enables people to avoid
handling toxic or corrosive chemical.

The reactant, XeF2, is in a solid crystalline form at room temperature. When exposed to low
pressure, the XeF2 crystal sublimates to gas phase. It has high selectivity on silicon over other materials,
such as most photoresist, oxides, nitrides, and many metals. The chemical reaction involved is:

2XeF2 + Si→ 2Xe (g) + SiF4 (g) (2)

Photolithography was used to transfer patterns onto photoresist for the fabrication of the
cavity. The mask pattern designed is 4 mm × 4 mm arrays of circles with diameter ranging from
50 μm to 300 μm (25 μm step from row to row) in order to obtain silicon lens of different size.
The photolithography process is: Firstly, the silicon wafer was spin coated photoresist (AZ MIR701,
3000 rpm, 40 s, postbake: 90 ◦C, 1 min; MicroChemicals GmbH, Ulm, Germany). Then mask aligner
was used to expose the coated wafers for 20 s at power of 3.75 mW/cm2 (postbake 110 ◦C, 1 min).
Next, the exposed wafer was developed by an AZ 300 developer for one minute, and the pattern was
successfully transferred onto the photoresist. The wafer was put into XeF2 etcher chamber and went
through 125 etch cycles (about 4 h). At last, residual coating on samples was removed by acetone with
ultrasound agitation.

The final diameter of silicon lens ranges from 200 μm to 540 μm, depending on the original mask
pattern size. Figure 2 shows a cross section of the silicon lenses and a zoom-in image of a corner of the
lens, by which we can inspect the shape and surface smoothness. As can be seen, the hemispherical
shape is clear and the surface smoothness is at hundred nanometer level.
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Figure 2. (a) Scanning electron microscope (SEM) image of a cross section of a dry etched Si cavity; (b)
SEM image of a corner of a dry etched Si cavity.

3. Transducer Design and Finite Element Simulation

Aluminum nitride was selected for piezoelectric layer of the ultrahigh frequency transducer
duo to it excellent properties, such as a high longitudinal velocity (~11,000 m/s), high thermal
stability (melting point ~2100 ◦C and piezoelectric effect application up to 1150 ◦C), relatively high
electromechanical coupling coefficient ((kt ~0.28), and low dielectric constant (εs/ε ~8). Furthermore,
AlN is compatible with the complementary metal oxide semiconductor (CMOS) technology. Specific
design parameters and performance of the transducer were simulated through a finite element
model-based simulation software PZFlex (PZFlex2016, Weidlinger Associates, Inc., Mountain View,
CA, USA). The main materials that were used for the simulation are listed at Table 1.

Table 1. Materials used for the transducer simulation consideration.

Material Function c (m/s) ρ(kg/m3) Z(MRayl)

AlN Piezoelectric element 11,000 3260 35.86
Si Lens 8430 2340 19.8

Water Front load 1540 1000 1.54
EPO-TEK 301 Backing 2650 1150 3.05

Figure 3a gives the designed specification of the AlN stack together with the lens and backing
material. The thickness of AlN film was 9 μm in order to achieve center frequency of 500 MHz.
AlN film was connected series to a 50 Ω resistor during the simulation process, and the transducer
was driven by a sinusoidal signal with excitation frequency of 500 MHz and peak-to-peak voltage of
1 V. Box size was chosen to be 1/20 wavelength at both the axial and lateral direction. Simulation time
was set to be 0.22 μs for signal sending and receiving. Figure 3b shows the pulse-echo waveform and
frequency spectrum that were achieved from the finite element simulation. The center frequency (fc)
and −6 dB bandwidth (BW) were determined by the following equations:

fc =
fl + fu

2
(3)

BW =

(
fu − fl

fc

)
× 100% (4)

where fl and fu are defined as lower and upper −6 dB frequencies, respectively, at which the magnitude
of the amplitude in the spectrum is 50% (−6 dB) of the maximum. The center frequency and −6 dB
bandwidth were calculated to be 559 MHz and 40%. In the simulation, the focal depth was determined
from the acoustic pressure pattern (Figure 3c). The focal depth of the AlN transducer was calculated as
143.6 μm, assuming a value of 1490 m/s for the speed of sound in water. The on focus lateral beam
profile (Figure 3d) demonstrated the −6 dB beam width simulated to be 2.7 μm. The finite element
simulation results demonstrate that, based on this AlN transducer with silicon lens, it is possible to
design and fabricate ultrasonic transducer with high center frequency and narrow −6 dB beam width.

149



Micromachines 2018, 9, 515

Figure 3. (a) Design specifications of the Aluminum Nitride (AlN) stack with lens and backing
material; (b) the simulated pulse-echo waveform and frequency spectrum of the silicon lens transducer;
(c) the acoustic pressure pattern generated by the transducer; and, (d) The on focus lateral beam profile
of the silicon lens transducer.

4. The Echo Signal LNA Integrated Circuit Design

The LNA used for the ultrasound echo signals processing should be featured with low noise
figure, wideband, high gain, and good linearity characteristics, as mentioned in the first section.
These performance requirements can be well met by the traditional inductor-based LNAs. However,
the on-chip bulky inductors occupy very large area which counters the purpose of high integration
required in the ultrasound systems and many other applications. In addition, accurate inductor models
are very difficult to build, which may lead to many times of tape-out and thus greatly increasing of
the cost [15–18]. Therefore, inductor-less LNA has become more attractive in these years and several
topologies had been proposed in the published literatures [19–25]. These topologies can be in fact
divided into three categories, including common-source (CS) structure with resistor-terminated [15,26],
shunt-feedback (SFB) amplifier [27], and common-gate (CG) structure with capacitive cross-coupling
or gain boosting techniques [28–31]. The resistor-terminated CS scheme as shown in Figure 4a provides
the input impedance by using a 50-Ω shunt resistor. However, large transconductance (gm) of input
transistor (M1) is needed to achieve low noise performance. For both the SFB (Figure 4b) and CG
(Figure 4c) schemes, low noise figure can be achieved with small gm of the input transistor, but the
power consumption is generally high to achieve the input matching. The gm-boosting technique is
popular in these years and its basic idea is using an auxiliary voltage gain to simultaneously apply
signal on both gate and source of the input transistors (Figure 4d). The gm of the CG transistor (M1)
can be boosted, since it forms a negative feedback loop with the amplifier. This technique offers a low
noise figure of the LNA and meanwhile a favorable power consumption-input matching tradeoff.

Inductor-less scheme and CS-CG combination structure are employed in this work for the
LNA integrated circuit design to meet the small chip area and high performance requirements.
The generations of CMOS technologies exhibit excellent performances, such as low noise figure,
high characteristic frequency, and so on, and could also provide larger margin for the design of high
performance integrated circuits with low cost. The medical input ultrasound signal frequency in this
work is centered at 500 MHz, and since most current CMOS processes can handle this easily, a 0.35 μm
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CMOS process is adopted for the LNA design with better integration and power reduction being
achieved. The single-end schematic of the proposed LNA in this work is shown in Figure 5a. The input
resistor Rin is the source impedance and it equals typically 50 Ω. The first stage is in fact a CG amplifier
using gm-boosting technique. The active feedback amplifier is realized by a common-source amplifier
consisted by transistor M4 and load resistor RL1, and the gain of the amplifier can be expressed as
−gm4RL1. If Av is expressed as the local open loop gain, the impedance matching can be achieved when

Rin =
1

gm1(1 + Av)
(5)

where gm1 is the transconductance of the feedback transistor M1. Therefore, when compared with the
traditional common-mode or common-gate structure, the transconductance of the LNA needed for the
input impedance matching can be reduced by a factor of (1 + Av) [32]. Since a fully differential scheme
will be adopted in this design, the circuit could also provide a negative gain for the negative output
Vout− to form a positive feedback when the whole differential circuits are realized. The input signal
is firstly amplified by the CS transistor M4 and then injected into the CG amplifier consisted by M2,
M3, and diode transistor load M6. The folded-cascode structure is also employed in this design where
transistor M5 is stacked on the top of M1 and M3 on the top of M2 to provide high reverse isolation
and therefore the power gain. For the positive gain path from Vin to Vout+, the gain can be expressed as

Av,out+ = gm1(1 + gm4RL1)

(
gm5rO5rO1

∣∣∣∣
∣∣∣∣ 1

gm7

)
(6)

and for the negative gain path from Vin to Vout−

Av,out− = −gm4RL1gm2

(
gm3rO3rO2

∣∣∣∣
∣∣∣∣ 1

gm6

)
(7)

where rOi are drain-to-source resistance of transistor Mi.
In the proposed LNA, noise contributions from transistors M1 and M2, as shown in Figure 5b

can be canceled. Taking noise contribution from M2 as the example and similar analysis can also be
applied for the one from M1. The noise that is generated by transistors M2 can be modeled as a current
source in,2, which will both generate a noise voltage vn,2 at point X and the negative output vn,out−,
which can be given by

vn,out− = − in,2

gm6
(8)

The vn,2 will be also amplified by the CS amplifier consisted by M1, M5, and M7, and the noise
voltage at the Vout+ end can be given by

vn,out+ = −in,2RL1gm1

(
gm5rO5rO1

∣∣∣∣
∣∣∣∣ 1

gm7

)
(9)

The noise contribution from M2 can be cancelled when vn,out+ = vn,out−, since it becomes a purely
common-mode signal and it will finally undergo subtraction at the output ends Vout+ and Vout−.
Therefore, parameters of the related devices in the circuits should be designed to satisfy

RL1gm1gm6

(
gm5rO5rO1

∣∣∣∣
∣∣∣∣ 1

gm7

)
= 1 (10)

Noise cancelation mechanism greatly improves the noise performance of the whole circuits [32,33].
The thermal noise of resistor RL1 and channel thermal noise of transistor M4 then take up the primary
part of the whole LNA noise.
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Figure 4. Inductor-less wideband low noise amplifier (LNA) (a) common-source (CS) amplifier
(b) shunt-feedback (SFB) amplifier (c) common-gate (CG) amplifier and (d) CG amplifier with
gm-boosting technique.

Figure 5. The proposed LNA (a) single-end schematic and signal propagation paths and (b) noise
model of the key devices and analysis of noise cancelation mechanism.

High order harmonic distortions have a much smaller contribution to the nonlinearities of the
LNA due to their low power while the low order ones, especially the 2nd and 3rd harmonics are the
prominent components that should be considered. Fully differential structure has the advantage of
ideally canceling the even order harmonics, which can be considered as common-mode components
that appeared at the balanced differential output ends. The 3rd harmonics distortion components
can be partly cancelled in this work. The distortion currents of the transistors can be modeled as
current sources paralleled with the transistors and the distortions from M1 and M2 can be eliminated
by the similar mechanism of noise canceling. Attention should be paid that the distortion and noise
cancelation might lose effect at a very high frequency due to the phase shift.

The schematic of the whole differential LNA that was used in this work is shown in Figure 6.
Fully differential and symmetrical scheme will not only double the gain, but also achieve a better
common mode noise rejection and overcome the performance deterioration of the analog front-end
circuits resulted by noise coupling through the substrate from the digital circuits. Bias voltages
VBias1~VBias5 are provided through bias resistors R1 and R2 to make sure that the transistors in the
circuits could operate in saturate states. The coupling capacitances C1 and C2 are designed to be
much greater than the parasitical capacitances of the input transistors. The cross-coupled scheme at
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the output ends could further enhance the voltage gain of the differential LNA, and the gain of the
differential circuits can be expressed as

Av,di f f = gm1(1 + gm4RL1)

[
1

gm7
||rO5||(gm10rO10rO9)

]
+ gm4RL1 + gm2

[
1

gm6
||rO12||(gm3rO3rO2)

]
(11)

Common-mode feedback (CMFB) circuits consisted by transistors M13–M23 is also employed to
stabilise the dc operating voltages of the LNA core. It provides a common mode feedback voltage for
the gates of M2 and M9 after detecting the common mode voltages of VDP and VDN. The voltage test
points are located at the drains of M5 and M8 rather than the output ends (Vout+ and Vout−) for not
introducing noise in the outputs. Simple low-pass filters consisted by Rf and Cf are used to remove
the high frequency noise. CTRL1 and CTRL2 are two control signals with complementary phases,
and transistors M16 to M19 are acted as switches under these two control signals. When CTRL1 is high
and CTRL2 is low, the two inputs of the CMFB block are in fact both the sum of the DC voltages of VDP
and VDN (the AC components are filtered by the RC filters). If the common-mode voltage, for example,
is higher than the expected one, the VCMFB and the currents flowing through M2 and M9 will be
decreased. Then, the currents flowing through M5 and M12 will be increased and the common-mode
voltage of VDP and VDN decreased. Since a current mirror is constructed by transistors M14 and M15,
Currents I1 and I2 on the two branches in the CMFB are equal and the difference between input DC
voltages that are applied onto the gates of M20–M23 can then be detected. Therefore, when CTRL1 is
low and CTRL2 is high, the CMFB will detect the difference between the DC voltages of VDP and VDN.
With the feedback loop, the DC offset will then be corrected.

Figure 6. Schematic of the whole LNA with common-mode feedback.

The proposed differential LNA was designed by using a 0.35 μm CMOS technology and it
consumes a current of 2.5 mA from a 3.3 V power supply. Generally, the capacitance load of the LNA
(CL in Figure 6) which is also the input capacitance of the next stage in the AFE chain may vary over a
certain range, and therefore simulations of the gain and bandwidth with different capacitances load
should be considered. Figure 7 shows the simulated AC response of the LNA with the capacitances
load tuning from 0.1 pF to 1.0 pF. The bandwidth decreases with the increase of the CL. The maximum
gain of the LNA is about 23.2 dB, and at 500.023 MHz the gain is about 22.5 dB. The gain variation
retains a flatness of smaller than 0.7 dB over the frequency range from 400 MHz to 700 MHz with a
capacitance load of 1.0 pF.
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Figure 7. The simulated AC response of the LNA with different CL.

Figure 8 presents the transient simulation result of the LNA. The peak-to-peak amplitude of the
input signal is about 90 mV and the fundamental frequency 500 MHz. After being amplified by the
LNA, the magnitude is from −0.58 to 0.61 V and the power gain is about 22.43 dB, which is consistent
with the AC simulation results that are shown in Figure 7. Figure 9a presents the simulated noise
figure (NF) and input reflection coefficient (S11) of the LNA versus the input frequency. The NF is
about 3.62 dB at 500 MHz and the minimum is about 3.5 dB from 0.1 to 1 GHz. The increase of NF
at low frequencies is due to the flicker noise (1/f noise), and due to the drop in gain, it increases
at high frequencies. The S11 is lower than −10 dB over the bandwidth, which implies that good
matching performance of the LNA input is achieved. Two-tone test is done for measuring the
input 1 dB compression point (P1dB) and third-order intermodulation (IM3) distortion of the LNA,
which are shown in Figure 9b. The P1dB and the input third-order intercept point (IIP3) at 500 MHz
are respectively −20 dBm and −11 dBm, which imply that the LNA could accommodate input echo
signals with large amplitudes and linearity performance.

Figure 8. Transient simulation waveform of the LNA output.

154



Micromachines 2018, 9, 515

freq (Hz)
108 109107106

No
ise

 fi
gu

re
 (d

B)

3.0

3.5

4.0

4.5

5.0

5.5

6.0

6.5

7.0

7.5

S1
1 

(d
B)

-14.0

-13.0

-12.0

-11.0

-10.0

-9.0

M1: 1.10127MHz 
7.08126dB

NFmin: 3.50462dB

M3: 987.817MHz 
3.92247dB

M2: 500.078MHz 
3.61929dBM4: 1.12764MHz 

-11.5245dB

M5: 500.142MHz 
-11.4904dB

M6: 988.526MHz 
-10.9718dB

 
(a) (b) 

Figure 9. Simulated results of (a) NF and S11 versus input frequency (b) distortion performance in
terms of the input-referred P1dB and IIP3.

5. Conclusions

In this work, ultrahigh frequency ultrasonic transducers are designed using AlN piezoelectric
thin film as the piezoelectric element and using silicon lens for focusing. The fabrication and
characterization of silicon lens was presented in detail. Finite element simulation was used for
transducer design and evaluation. The results demonstrate that, based on this AlN transducer with
silicon lens, it is possible to design and fabricate ultrasonic transducer with high center frequency
and narrow −6 dB beam width. A wideband inductor-less LNA with CS-CG combination structure
for the ultrasonic medical echo signal processing was also proposed in this work. Active feedback
structure and noise cancelation mechanism were employed and the LNA featured wideband coverage
while maintaining low noise figure, high gain, and good linearity. Designed by using a 0.35 μm CMOS
technology, the simulation results show that the LNA achieves a power gain of 22.5 dB at 500 MHz
and remains a gain flatness of smaller than 0.7 dB over a frequency range from 400 MHz to 700 MHz.
The simulated noise figure is 3.62 dB at 500 MHz, and the P1dB, IIP3 at 500 MHz are, respectively,
−20 dBm, −11 dBm.
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Abstract: This paper describes the design, fabrication, and characterization of tightly focused (ƒ-number
close to 1) high frequency needle-type transducers based on lead-free Na0.5Bi4.5Ti3.975Co0.025O15

(NBT-Co) piezo-ceramics. The NBT-Co ceramics, are fabricated through solid-state reactions, have
a piezoelectric coefficient d33 of 32 pC/N, and an electromechanical coupling factor kt of 35.3%. The high
Curie temperature (670 ◦C) indicates a wide working temperature range. Characterization results show
a center frequency of 70.4 MHz and a −6 dB bandwidth of 52.7%. Lateral resolution of 29.8 μm was
achieved by scanning a 10 μm tungsten wire target, and axial resolution of 20.8 μm was calculated
from the full width at half maximum (FWHM) of the pulse length of the echo. This lead-free ultrasonic
transducer has potential applications in high resolution biological imaging.

Keywords: lead-free piezoelectric materials; high frequency ultrasonic transducer; needle-type; high
spatial resolution

1. Introduction

Tightly focused high frequency ultrasonic transducers have many clinical applications, ranging
from imaging the skin and eye to small animal imaging, because of their improved image
resolution [1–4]. The improvement of axial resolution is due to a reduction in wavelength, and thus
pulse duration, for a fixed number of cycles per pulse. The improvement of on-focus lateral resolution
is due to the small ƒ-number, defined as the ratio of the focal distance to the spatial dimension of the
transducer, of the tightly focused transducer and the wavelength. As the key component of ultrasonic
transducers, piezoelectric materials such as zinc oxide (ZnO) and aluminum nitride (AlN) piezoelectric
films [5,6], lead oxide based ferroelectrics, especially the lead zirconate titanate (PZT) system, lead
niobiumzine zirconate titanate (PMN-PT) crystal [7–9], lithium niobate (LiNbO3) single crystal [4],
and lead-free piezoelectric ceramics [10–12] have been investigated extensively. Among them, due
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to their environmental friendliness, simple preparation methods, and relatively low cost, lead-free
piezoelectric ceramics have attracted significant interest.

Lead-free Na0.5Bi4.5Ti4O15 (abbreviated as NBT) based materials have been studied recently
for their interesting properties, such as high Curie temperature, low dielectric loss, and reasonable
piezoelectric behaviors [13–15]. However, the piezoelectric performance of pure NBT ceramics is quite
weak; the value of piezoelectric coefficient d33 is 16 pC/N [16]. Researchers have made many attempts,
such as A- or B-site modification and grain orientation techniques, to overcome these shortcomings
and improve the piezoelectric and ferroelectric properties of NBT ceramics [13,17,18]. In these studies,
the B-site acceptor modification improved the piezoelectricity of NBT ceramics significantly [15].
For example, the value of d33 of Co-doped NBT (NBT-Co) piezoelectric ceramics is over 30 pC/N,
which is almost twice of the value of pure NBT ceramics.

To the best of the authors’ knowledge, transducers based on NBT-based ceramics for high
frequency ultrasound applications have rarely been reported. In this paper, NBT-Co ceramics
were prepared and systematically investigated. A tightly focused needle-type ultrasonic transducer
with center frequency of 70 MHz was designed and fabricated based on the performance of the
NBT-Co ceramics. The electrical and acoustic properties of the transducer were investigated in detail,
which demonstrated the great potential of this lead-free transducer for application in high resolution
biological and medical imaging.

2. Fabrication and Characterization of Co-Doped Na0.5Bi4.5Ti4O15 Ceramics

2.1. Fabrication

A conventional mixed-oxide technique was used to prepare sodium-potassium bismuth titanate
(NBT-Co) piezoelectric ceramics. Analytical grade Na2CO3 (99.9%), Bi2O3 (99.9%), TiO2 (99.9%),
and Co2O3 (99.9%) were selected as starting materials. The composition investigated in the
present work is Na0.5Bi4.5Ti3.975Co0.025O15 (abbreviated as NBT-Co). The mixture was wet milled
in polyethylene bottles with ZrO2 balls for 12 h in ethanol and calcined at 800 ◦C for 2 h. Then
the mixture was milled again in the same conditions. The milled powders were dried, ground,
and granulated with polyvinyl alcohol (PVA) binder, then pressed into disks at a pressure of 150 MPa.
The green compacts were put into a sealed crucible fully surrounded with powder having the same
composition and sintered at 1080–1100 ◦C for 3 h. After cooling to room temperature freely, the size of
the final samples was 13 mm in diameter and 0.5 mm in thickness.

Phase structure was determined by X-ray diffraction technology with CuKα1 (λ = 1.540596 Å)
radiation (D8 Advance; Bruker AXS GMBH, Karlsruhe, Germany). Surface micromorphology of the
sintered ceramics was detected by scanning electron microscopy (SEM, S-4800, Hitachi, Tokyo, Japan).
The piezoelectric coefficient d33 was measured by a quasi-static d33 meter (ZJ-2, Institute of Acoustics,
Academia Sinica, Taipei, Taiwan). Dielectric measurements were performed with a 4294A impedance
analyzer (Agilent Technologies, Santa Clara, CA, USA). The electromechanical coupling factors (kp, kt),
and frequency constants (Np, Nt) were calculated according to IEEE standards [19].

2.2. Characterization

Figure 1 shows the X-ray diffraction pattern of the NBT-Co piezoelectric ceramic powder.
The diffraction pattern is in agreement with the diffraction data for NBT ceramics, indicating that
the Co doping does not change the crystal structure of NBT ceramics. The surface of the NBT-Co
piezoelectric ceramics is shown in the inset scanning electron microscopy (SEM) image. As shown,
the sample has a dense structure and plate-like morphology, corresponding with the high anisotropy
of NBT-Co ceramics.
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Figure 1. The X-ray diffraction pattern and scanning electron microscopy (SEM) image (embedded) of
the Co-doped Na0.5Bi4.5Ti4O15 (NBT-Co) sample.

Detailed room temperature electrical properties of the NBT-Co polycrystalline piezoelectric
ceramics are in Table 1. The piezoelectric coefficient d33 of NBT-Co ceramics was found to be 32 pC/N,
with a large enhancement of double that of pure NBT ceramics. In addition, the relative permittivity
ε and dielectric loss tan δ at 1 MHz are 148 and 0.26%, respectively. Furthermore, the planar
electromechanical coupling factor (kp) and thickness electromechanical coupling factor (kt) were
calculated according to the resonance method and found to be 5.2% and 35.3%, respectively. In addition,
the planar frequency constant (Np) and thickness frequency constant (Nt) makes little difference and
were found to be 2320 and 2280, respectively.

Table 1. Electrical properties of Co-doped Na0.5Bi4.5Ti4O15 (NBT-Co) ceramics.

Tc (◦C) ε33
T Tan δ (%) d33 (pC/N) kp (%) kt (%) Np (Hz·m) Nt (Hz·m)

670 148 0.26 32 5.2 35.3 2320 2280

Figure 2 shows the relative permittivity ε and dielectric loss tan δ measured at 1 kHz, 10 kHz,
100 kHz, and 1 MHz as a function of temperature for the cobalt-modified NBT piezoelectric ceramics.
The Curie temperature was found to be 670 ◦C and remains unchanged at all measured frequencies,
indicating typical diffuse phase transition characteristics. It can be seen that the dielectric loss tan δ

is lower than 1% even when the temperature reached 400 ◦C; this is important for high temperature
piezoelectric applications.

Figure 2. The relative permittivity (black curve) and dielectric loss (blue curve) of the Co-doped
Na0.5Bi4.5Ti4O15 (NBT-Co) ceramic measured at 1 MHz and other frequencies (embedded) as a function
of temperature.
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3. Design, Fabrication, and Characterization of Tightly Focused Needle Ultrasonic Transducer

3.1. Transducer Design and Fabrication

Krimholtz, Leadom, and Mettaei (KLM) model-based simulation software PiezoCAD
(Sonic Concepts, Woodinville, WA, USA) was used for transducer design. Finite element modeling
software Field II was utilized to give the theoretical analysis of imaging performance by simulating
the intensity profile in the X-Z plane. Key parameters of NBT-Co ceramics used for simulation are in
Table 2. During the simulation, E-solder 3022 and Parylene C were selected as backing and matching
materials, respectively, which is consistent with the experiment. The pulse-echo simulation results
(shown in Figure 3a) show transducer design with center frequency of 76.2 MHz and −6 dB bandwidth
of 31.8%; the Field II simulation results (shown in Figure 3b) show the on-focus −6 dB beam width to
be less than 30 μm for NBT-Co transducer with ƒ-number = 1. All these results suggest that NBT-Co
ceramics can be used for high frequency and high resolution transducer applications.

Figure 3. (a) Modelling results of Co-doped Na0.5Bi4.5Ti4O15 (NBT-Co) single element transducer from
Krimholtz, Leadom, and Mettaei (KLM) model-based simulation software PiezoCAD. (b) Simulated
intensity profile in X-Z plane of NBT-Co transducer with ƒ-number of 1.

Table 2. Parameters of Co-doped Na0.5Bi4.5Ti4O15 (NBT-Co) ceramics used for PiezoCAD modeling.

Property NBT-Co

Longitudinal velocity υ 4600 m/s
Density ρ 6500 kg/m3

Acoustic impedance Z 29.9 MRayl
Clamped relative dielectric constant εr 20

Dielectric loss tan δ 0.0026
Thickness electromechanical coupling kt 0.353

Piezoelectric coefficient d33 32 pC/N

Based on the prepared NBT-Co piezoelectric ceramics, a high frequency press-focused needle-type
transducer was design and fabricated. The schematic diagram and photograph of the designed NBT-Co
high frequency ultrasonic transducer are shown in Figure 4. Firstly, the NBT-Co ceramic was manually
lapped to around 30 μm, per the design. Au (100 nm) electrodes were sputtered on one side of the
NBT-Co ceramic; E-solder 3022 was then cast on this side as the backing material, which was lapped to
2 mm. The sample was diced to 0.7 × 0.7 mm2 posts using a dicing saw (DAD 323, Disco, Tokyo, Japan)
and housed inside a polyimide tube, which provided electrical isolation for the element. The entire
assembly was sealed in a steel needle. A lead wire was connected to the backing layer at one side and
a SubMiniature version A (SMA) connector at the other side. Then a 100 nm Au layer was sputtered
across the front surface to form the ground plane connection. The transducer was press-focused at
90 ◦C by a highly polished chrome/steel ball bearings with diameter of 2 mm using a set of customer
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designed fixtures. Finally, a PDS 2010 Labcoator (Specialty Coating Systems, Indianapolis, IN, USA)
was used to vapor-deposit a ~8 μm layer of Parylene C on the front face of the transducer to serve as
an acoustic matching layer.

 

Figure 4. The schematic diagram and photograph of the Co-doped Na0.5Bi4.5Ti4O15 (NBT-Co)
needle transducer.

3.2. Transducer Characterization

The pulse-echo response of the NBT-Co needle transducer was measured in distilled water
through conventional means [4]. The pulse-echo response and frequency spectrum of the NBT-Co
press-focused transducer are shown in Figure 5. The measured transducer performance is in Table 3.
As can be seen, the NBT-Co transducer exhibits center frequency of 70.4 MHz and a −6 dB bandwidth
of 52.7%. The ƒ-number was calculated to be 1.03. The small ƒ-number, which leads to narrow beam
width, is expected to yield high lateral resolution.

Table 3. Measured Co-doped Na0.5Bi4.5Ti4O15 (NBT-Co) transducer performance.

Property NBT-Co Transducer

Center frequency (MHz) 70.4
Peak to peak Voltage (mV) @ 0 dB gain 123

−6dB Bandwidth 52.7%
Focus depth (mm) 1.02

ƒ-number 1.03
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Figure 5. Time-domain pulse/echo response and normalized frequency spectrum of Co-doped
Na0.5Bi4.5Ti4O15 (NBT-Co) transducers.

The lateral beam profile of the transducer was evaluated by scanning a wire phantom made of
10 μm diameter tungsten wire. The pulse intensity integral (PII) was calculated from the wire target.
As shown in Figure 6, a beam width equal to 29.8 μm was obtained by the NBT-Co needle transducer
in detecting a spatial point target at full width at half maximum (FWHM, −6 dB). In addition, the axial
resolution was calculated from the FWHM of the pulse length of the echo to be 20.8 μm.

Figure 6. (a) Image of 10 μm tungsten wire target; (b) Lateral beam profile of the Co-doped
Na0.5Bi4.5Ti4O15 (NBT-Co) transducers.

4. Conclusions

Lead-free NBT-Co ceramics were fabricated and investigated systematically. Based on the
prepared NBT-Co ceramics, a high frequency and small ƒ-number transducer was designed and
fabricated. The fabricated transducer has center frequency of 70.4 MHz, −6 dB bandwidth of
52.7%, and ƒ-number close to 1. Axial resolution of 20.8 μm was calculated from the FWHM of
the pulse length of the echo, and lateral resolution of 29.8 μm was achieved using tungsten wire
imaging. These results illustrate that lead-free NBT-Co ceramics have great potential for high frequency
ultrasonic applications.
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Abstract: In this paper, we report a miniaturized optical resolution photoacoustic microscopy system
based on a microelectromechanical system (MEMS) scanning mirror. A two-dimensional MEMS scanning
mirror was used to achieve raster scanning of the excitation optical focus. The wideband photoacoustic
signals were detected by a flat ultrasound transducer with a center frequency of 10 MHz and an active
area of 2 mm in diameter. The size and weight of this device were 60 mm × 30 mm × 20 mm and
40 g, respectively. We evaluated this system using sharp blades, carbon fibers, and a silver strip target.
In vivo experiments of imaging vasculatures in the mouse ear, brain, and human lip were completed to
demonstrate its potential for biological and clinical applications.

Keywords: photoacoustic; microelectromechanical systems (MEMS); miniaturized microscope

1. Introduction

Optical resolution photoacoustic microscopy (ORPAM) is one of the fastest evolving microscopic
imaging techniques [1–4]. ORPAM uses a highly converging laser beam with an ultrashort pulse
duration to generate wideband acoustic waves that can be detected by acoustic transducers [5,6].
It uses intrinsic biological contrast and has a comparative lateral resolution with a deeper penetration
depth compared with conventional pure optical microscopic imaging modalities [7]. In a conventional
ORPAM, a two-dimensional (2D) motorized mechanical scanner is required to perform raster scanning
of the overlapped optical and acoustic focuses to form a three-dimensional (3D) image [8–10]. However,
improving the temporal resolution and realizing miniaturization of these mechanical-scanning-based
ORPAMs are difficult due to the limited moving velocity and bulky size of the scanners. To achieve
high-speed imaging and compact configuration, several new scanning mechanisms and scanners
have been proposed. Xi et al. developed an intraoperative photoacoustic tomography system
with a lateral resolution of up to 0.2 mm based on a microelectromechanical systems (MEMS)
scanning mirror and a ring-shaped ultrasound transducer [11]. In addition, a rotary-scanning-based
portable ORPAM (pORPAM) has been reported and applied to various biomedical and clinical
applications [12,13]. Wang and colleagues used a water-immersible magnetic MEMS mirror with
a plate size of 9 mm × 9 mm to simultaneously scan both optical and acoustic focuses for fast brain
and single circulating melanoma cells imaging [14–16]. As an improvement on previous systems,
they reported a handheld ORPAM using a newly developed two-axis magnetic MEMS mirror with
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an active imaging area of 2.5 mm × 2.5 mm, and dimensions of 80 mm × 115 mm × 150 mm [17].
Wang et al. also reported magnetic MEMS-based all-optical photoacoustic microscopy [18]. Kim et al.
introduced a high-speed and high-signal to noise ratio (SNR) photoacoustic microscopy immerged in
non-conducting liquid [19], and a polydimethylsiloxane (PDMS)-based two axis MEMS scanner with a
size of 15 mm × 15 mm × 15 mm for developing a handheld ORPAM [20–22]. Use of a graded-index
(GRIN) lens integrated with an image-guided optical fiber bundle, Zemp et al. developed a 500 g,
40 mm × 60 mm portable ORPAM probe with an imaging area of 800 μm [23]. Although these attempts
are encouraging, the systems’ inherent limitations are still challenging for clinical applications.

In this study, we used an electrothermal-bimorph-actuation-based MEMS mirror to develop a
miniaturized ORPAM probe. The MEMS mirror had a diameter of 2 mm, a resonant frequency of
800 Hz, and a 7◦ optical scanning angle [24]. The entire probe was 60 mm × 30 mm × 20 mm with a
weight of 40 g. Phantom experiments showed that the system has a lateral resolution of 10.4 μm and
an active imaging area of 0.9 mm × 0.9 mm. In vivo imaging of a mouse ear, brain, and human lip
were performed to highlight the potential biological and clinical applications.

2. Materials and Methods

2.1. Configurations of the Imaging System and Probe

The illumination of the MEMS-based ORPAM is presented in Figure 1. Laser pulses with a pulse
energy of 20 μJ, a 5 ns duration, and a repetition rate of 10 kHz were emitted from a 532 nm Nd:YAG
laser (FQS-Y-1-532, Elforlight, Daventry, UK) that was split into two parts through a cover glass.
The reflected part was delivered to a photodiode (PD818-BB-21, Newport Corp., Irvine, CA, USA),
which was used as the trigger and synchronization signals for MEMS scanning and data acquisition.
The transmission part was spatially filtered through a customized spatial filter with a 10× objective
(GCO-2112, Daheng Optics, Beijing, China), a 15 μm pinhole, and a Plano-convex lens, and then
coupled into a single-mode optical fiber via a space-to-fiber coupler built by an objective (GCO-2112,
Daheng Optics) and a customized five-dimensional single mode optical fiber manipulator. The output
beam from the optic fiber was collimated by a fiber-compatible collimator (F240FC-532, Thorlabs Inc.,
Newton, NJ, USA) and then scanned by the MEMS mirror (WM-LS_5, WiO TECH, Wuxi, China).
The MEMS was driven by a multifunctional data acquisition card (PCI-6731, National Instrument,
Austin, TX, USA) to achieve raster scanning on the surface of an imaging lens (AC080-010-A, Thorlabs
Inc., Newton, NJ, USA), using triangle waves for the fast axis and saw-tooth waves for the slow axis.
To allow full transmission of the laser pulses and reflection of the generated photoacoustic signals,
a water cube including two isosceles right-angle water prisms using a tilted 0.1 mm cover glass was
used. The photoacoustic signals were recorded by a small ultrasound transducer (center frequency:
10 MHz, active area: 2 mm in diameter, bandwidth: 60%), amplified by a homemade low noise
pre-amplifier at ~66 dB, acquired by a high-speed data acquisition card (PXI-5124, NI, Austin, TX,
USA) and stored in a computer for image reconstruction.
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Figure 1. The schematic of the system and imaging probe. The detailed design and photograph of
the imaging probe are provided in the dashed red box. The dimensions of the probe were roughly
60 mm × 30 mm × 20 mm. PD: photodiode, Obj: Objective, SMF: single mode fiber, FG: function
generator, DAQ: data acquisition card, AMP: amplifier, CL: collimator, T: transducer, L: convex lens,
BS: beam splitter, PH: pinhole, PC: personal computer, IL: imaging lens, and WC: water cube.

2.2. Phantom and Animal Experiments

To measure the field of view (FOV) and spatial resolution of the system, a metal strip target with a
strip width of 0.1 mm and the edge of a shape surgical blade were imaged. We also performed phantom
experiments and in vivo experiments to further assess the system. Multiple 7 μm diameter carbon
fibers embedded in a tissue mimicking agarose phantom mixed with India ink and intralipid were
imaged to simulate the vasculature in biological tissues. Then mouse ears and brains were imaged
to evaluate the system performance for in vivo animals. During the experiment, mice were kept
motionless using an isoflurane inhalation anesthetic system and the body temperature was maintained
at 37 ◦C using a temperature control pad (17673, Lankai Inc., Changzhou, China). The ears were gently
depilated, then tightly attached to the sealing membrane. For brain imaging, scalps were carefully
removed with a sharp blade and skulls remained intact. All mice were kept 24 h after the experiments
and no obvious damage were observed in the imaging area. The frame size for the phantom and
animal experiments was 500 × 500 pixels. Considering the maximal repetition rate of the laser source,
each experiment lasted 28 s. All procedures were approved by the Southern University of Science
and Technology.

2.3. In Vivo Human Experiments

To demonstrate the clinical potential of this probe, we performed in vivo human oral imaging.
During the experiments, the male volunteer sat on a chair and wore protective goggles to avoid
potential laser damage to the eyes. The image probe was held and attached to the volunteer’s lower
lip. Due to insufficient repetition rate of the laser source and involuntary movement of the human
lip, we reduced the frame size (250 × 250 pixels) to improve the imaging speed. A total of 8 s were
required to acquire each volume data. After the experiments, the dentist inspected the imaging area
and no obvious damage was observed. We obtained consent from the volunteer and all procedures
were approved by the Southern University of Science and Technology.

3. Results

Figure 2a shows the maximum amplitude projection (MAP) image of the sharp blade. To estimate
the lateral resolution, a profile along the red dashed line was fitted to obtain the edge spread function
(ESF), which was used to derive the line spread function (LSF), as shown in Figure 2b. By calculating
the full width-at-half-maximum (FWHM) of the LSF, the lateral resolution was measured as 10.4 μm.
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As shown in Figure 2c, the FWHM of the Gaussian-fitted axial profile of a typical depth-resolved PA
signal was about 150 μm, which represents the axial resolution of the system. Considering that the
diameter of the optical focus was 10.4 μm and the energy of the laser pulse after the imaging lenses
was 80 nJ, the energy density at the focal plane in the air was 94 mJ/cm2. When we assembled the
probe, the optical focal plane was adjusted to be approximately l0.25 mm outside the imaging window,
leading to a photon energy density of 1 mJ/cm2 on the tissue surface during in vivo experiments.
Figure 2d shows the MAP image of the silver strip target. There were five strips in the entire imaging
area, resulting in an effective area of 0.9 mm × 0.9 mm. In addition, no obvious distortion of the strips
was evident over the entire imaging domain.

Figure 3a shows the MAP image of carbon fibers buried in an agarose phantom. We could clearly
distinguish each carbon fiber with sufficient contrast and resolution. Figure 3b,c present the MAP
images of the vascular networks inside a mouse ear and brain, respectively. Large, medium, and small
blood vessels are clearly identified. However, we noticed that the SNR and resolution in Figure 3b is
better than in Figure 3c. The major reason for this observation is that the skull of the brain significantly
reduces the photoacoustic signals and slightly distorts the optical focus due to optical scattering.
Figure 3d shows the MAP image of the human lower lip, in which we observed vasculatures with
acceptable image quality. The animal and human experiments suggest that the proposed miniaturized
ORPAM probe is applicable for both fundamental and clinical applications.

Figure 2. Evaluation of the system performance. (a) The maximum amplitude projection (MAP) image
of the sharp blade. Estimation of the (b) lateral and (c) axial resolutions of the system. (d) The MAP
image of the silver strip target to measure the effective field of view (FOV). Scale bar: 100 μm.
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Figure 3. The MAP images of (a) carbon fibers, (b) blood vessels in a mouse ear and (c) brain, and
(d) vasculature in a human lower lip. The frame size of images in (a–c) is 500 × 500 pixels, and the
image in (d) is 250 × 250 pixels. Scale bar: 100 μm.

4. Discussion and Conclusions

In this work, we reported a miniature ORPAM imaging probe using a 2D MEMS mirror and a
small flat ultrasound transducer. The performance of the system was evaluated with phantom, animal,
and human experiments. The MEMS mirror, being small, light, fast, and inexpensive, considerably
reduces the probe size. The imaging results suggest that this technique holds potential for both
fundamental and clinical applications. For example, in brain surgery, using this probe is feasible to
evaluate bypass-grafted blood vessels based on morphological and functional information, such as
vessel diameter, blood flow, and oxygen saturation (sO2). The other potential application is to detect
early-stage oral cancer. By imaging the lips, small blood vessels, and especially capillary loops,
can be clearly observed. The morphological changes in these capillary loops are tightly related to
the occurrence of oral cancer. However, this probe has some limitations. Firstly, the imaging area is
relatively small, which is mainly caused by the limited scanning angle of the MEMS mirror and the
probe size. To increase the domain, either the design of MEMS mirror can be optimized to increase
the scanning angle, or a new design can be proposed for the optical path. Secondly, the spatial
resolution was insufficient to visualize cellar level targets. In theory, the lateral resolution is mainly
determined by the numerical aperture (NA) of the focusing lens and the axial resolution depends on
the center frequency and bandwidth of the ultrasonic transducer. Hence, we could achieve higher
spatial resolution by using a high-NA focusing lens and a high frequency transducer with a broader
bandwidth. Thirdly, the imaging speed of the system was limited by the repetition rate of the laser. If a
300 kHz repetition rate laser is applied, we could acquire a large volume data within 1 s, which would
mostly eliminate the motion artifacts of in vivo experiments and extend the applications of this probe.

Author Contributions: W.Q. established the system and conducted the experiments; Q.C. analyzed the data; H.G.
conducted the experiments; H.X. designed and fabricated the MEMS mirrors; L.X. conceived the concept and
supervised the entire project.

170



Micromachines 2018, 9, 288

Acknowledgments: This work was sponsored by National Natural Science Foundation of China (61775028,
81571722 and 61528401), Startup grant from Southern University of Science and Technology, State International
Collaboration Program from Sichuan province (2016HH0019). We thank Yabing Liu for assembling the
MEMS mirror.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Kim, C.; Song, K.H.; Gao, F.; Wang, L.V. Sentinel Lymph Nodes in the Rat: Noninvasive Photoacoustic and
US Imaging with a Clinical US System. Radiology 2010, 25, 102–110. [CrossRef]

2. Chen, Q.; Jin, T.; Qi, W.; Mo, X.; Xi, L. Label-free photoacoustic imaging of the carido-cerebrovascular
development in the embryonic zebrafish. Biomed. Opt. Exp. 2017, 8, 2359–2367. [CrossRef] [PubMed]

3. Wang, T.; Sun, N.; Cao, R.; Ning, B.; Chen, R.; Zhou, Q.; Hu, S. Multiparametric photoacoustic microscopy of
the mouse brain with 300-kHz A-line rate. Neurophotonics 2016, 3, 045006. [CrossRef] [PubMed]

4. Wong, T.T.W.; Zhang, R.; Zhang, C.; Hsu, H.; Maslov, K.I.; Wang, L.; Shi, J.; Chen, R.; Shung, K.K.; Zhou, Q.;
et al. Label-free automated three-dimensional imaging of whole organs by microtomy-assisted photoacoustic
microscopy. Nat. Commun. 2017, 8, 1386. [CrossRef] [PubMed]

5. Maslov, K.; Zhang, H.F.; Hu, S.; Wang, L.V. Optical-resolution photoacoustic microscopy for in vivo imaging
of single capillaries. Opt. Lett. 2008, 33, 929–931. [CrossRef] [PubMed]

6. Wang, L.V. Multiscale photoacoustic microscopy and computed tomography. Nat. Photonics 2009, 3, 503–509.
[CrossRef] [PubMed]

7. Beard, P. Biomedical photoacoustic imaging. Interface Focus 2011, 1, 602–631. [CrossRef] [PubMed]
8. Hu, S.; Maslov, K.; Wang, L.V. Second-generation optical-resolution photoacoustic microscopy with improved

sensitivity and speed. Opt. Lett. 2011, 36, 1134–1136. [CrossRef] [PubMed]
9. Zhu, L.; Li, L.; Gao, L.; Wang, L.V. Multiview optical resolution photoacoustic microscopy. Optica 2014,

1, 217–222. [CrossRef] [PubMed]
10. Wang, L.; Maslov, K.; Yao, J.; Rao, B.; Wang, L.V. Fast voice-coil scanning optical-resolution photoacoustic

microscopy. Opt. Lett. 2011, 36, 139–141. [CrossRef] [PubMed]
11. Xi, L.; Sun, J.; Zhu, Y.; Wu, L.; Xie, H.; Jiang, H. Photoacoustic imaging based on MEMS mirror scanning.

Biomed. Opt. Exp. 2010, 1, 1278–1283. [CrossRef] [PubMed]
12. Qi, W.; Jin, T.; Rong, J.; Jiang, H.; Xi, L. Inverted multiscale optical resolution photoacoustic microscopy.

J. Biophotonics 2017, 10, 1580–1585. [CrossRef] [PubMed]
13. Jin, T.; Guo, H.; Jiang, H.; Ke, B.; Xi, L. Portable optical resolution photoacoustic microscopy (pORPAM) for

human oral imaging. Opt. Lett. 2017, 42, 4434–4437. [CrossRef] [PubMed]
14. Yao, J.; Wang, L.; Yang, J.; Maslov, K.I.; Wong, T.T.W.; Li, L.; Huang, C.; Zou, J.; Wang, L.V. High-speed

label-free functional photoacoustic microscopy of mouse brain in action. Nat. Methods 2015, 12, 407–410.
[CrossRef] [PubMed]

15. He, Y.; Wang, L.; Shi, J.; Yao, J.; Li, L.; Zhang, R.; Huang, C.H.; Zou, J.; Wang, L.V. In vivo label-free
photoacoustic flow cytography and on-the-spot laser killing of single circulating melanoma cells. Sci. Rep.
2016, 6, 39616. [CrossRef] [PubMed]

16. Yao, J.; Wang, L.; Yang, J.M.; Gao, L.S.; Maslov, K.I.; Wang, L.V.; Huang, C.H.; Zou, J. Wide-field fast-scanning
photoacoustic microscopy based on a water-immersible MEMS scanning mirror. J. Biomed. Opt. 2012,
17, 080505. [CrossRef] [PubMed]

17. Lin, L.; Zhang, P.; Xu, S.; Shi, J.; Li, L.; Yao, J.; Wang, L.; Zou, J.; Wang, L.V. Handheld optical-resolution
photoacoustic microscopy. J. Biomed. Opt. 2016, 22, 041002. [CrossRef] [PubMed]

18. Chen, S.L.; Xie, Z.; Ling, T.; Guo, L.J.; Wei, X.; Wang, X. Miniaturized all-optical photoacoustic microscopy
based on microelectromechanical systems mirror scanning. Opt. Lett. 2012, 37, 4263–4265. [CrossRef] [PubMed]

19. Kim, J.Y.; Lee, C.; Park, K.; Lim, G.; Kim, C. Fast optical-resolution photoacoustic microscopy using a 2-axis
water-proofing MEMS scanner. Sci. Rep. 2015, 5, 7932. [CrossRef] [PubMed]

20. Kim, J.Y.; Lee, C.; Park, K.; Lim, G.; Kim, C. A PDMS-Based 2-Axis Waterproof Scanner for Photoacoustic
Microscopy. Sensors 2015, 15, 9815–9826. [CrossRef] [PubMed]

21. Kim, J.Y.; Lee, C.; Park, K.; Han, S.; Kim, C. High-speed and high-SNR photoacoustic microscopy based on a
galvanometer mirror in nonconducting liquid. Sci. Rep. 2016, 6, 34803. [CrossRef] [PubMed]

171



Micromachines 2018, 9, 288

22. Park, K.; Kim, J.Y.; Lee, C.; Jeon, S.; Lim, G.; Kim, C. Handheld Photoacoustic Microscopy Probe. Sci. Rep.
2017, 7, 13359. [CrossRef] [PubMed]

23. Hajireza, P.; Shi, W.; Zemp, R.J. Real-time handheld optical-resolution photoacoustic microscopy. Opt. Exp.
2011, 19, 20097–20102. [CrossRef] [PubMed]

24. Guo, H.; Song, C.; Xie, H.; Xi, L. Photoacoustic endomicroscopy (PAEM) based on a MEMS scanning mirror.
Opt. Lett. 2017, 42, 4615–4618. [CrossRef] [PubMed]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

172



Article

Adaptive Absolute Ego-Motion Estimation
Using Wearable Visual-Inertial Sensors for
Indoor Positioning

Ya Tian 1,2,3,* ID , Zhe Chen 1, Shouyin Lu 1,2,3 and Jindong Tan 4

1 School of Information and Electrical Engineering, Shandong Jianzhu University, Jinan 250101, China;
chenzhe19930517@163.com(Z.C.); lusy@sdjzu.edu.cn(S.L.)

2 Shandong Provincial Key Laboratory of Intelligent Buildings Technology, Jinan 250101, China
3 Shandong Provincial Key Laboratory of Intelligent Technology for New Type Man-Machine Interaction and

Robot System, Jinan 250101, China
4 Department of Mechanical, Aerospace, and Biomedical Engineering, The University of Tennessee,

Knoxville, TN 37996, USA; tan@utk.edu
* Correspondence: ytian@sdjzu.edu.cn

Received: 29 December 2017; Accepted: 3 March 2018; Published: 6 March 2018

Abstract: This paper proposes an adaptive absolute ego-motion estimation method using wearable
visual-inertial sensors for indoor positioning. We introduce a wearable visual-inertial device to
estimate not only the camera ego-motion, but also the 3D motion of the moving object in dynamic
environments. Firstly, a novel method dynamic scene segmentation is proposed using two visual
geometry constraints with the help of inertial sensors. Moreover, this paper introduces a concept of
“virtual camera” to consider the motion area related to each moving object as if a static object were
viewed by a “virtual camera”. We therefore derive the 3D moving object’s motion from the motions
for the real and virtual camera because the virtual camera’s motion is actually the combined motion
of both the real camera and the moving object. In addition, a multi-rate linear Kalman-filter (MR-LKF)
as our previous work was selected to solve both the problem of scale ambiguity in monocular camera
tracking and the different sampling frequencies of visual and inertial sensors. The performance of
the proposed method is evaluated by simulation studies and practical experiments performed in
both static and dynamic environments. The results show the method’s robustness and effectiveness
compared with the results from a Pioneer robot as the ground truth.

Keywords: ego-motion estimation; indoor navigation; monocular camera; scale ambiguity;
wearable sensors

1. Introduction

Recently, with the increasing number of elderly people in many countries, the age-related
problems will become increasingly serious, such as hearing loss, sight loss, memory loss and other
increased health problems, which definitely lead to a burning issue for all modern societies around the
world [1]. Commonly, most aging people with these age-related problems have difficulties in safety
and mobility of daily life, especially within unfamiliar environments, so they usually rely on some
aiding devices, like a positioning system, to carry out tasks and activities.

As is known, the Global Positioning System (GPS) has been available for a wide variety of
navigation applications over the past 50 years because of its high accuracy. Therefore, it is one of the
most important parts for positioning and tracking systems and especially plays a key role in outdoor
positioning. However, for indoors, and outdoor environments with tall buildings and trees, GPS-based
positioning is not suitable due to the unreliable satellite signals. With recent development of miniature
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sensor technology, more and more researchers have been attracted to developing various wearable
electronic aids for aging people to avoid collision and motion risks. However, these aiding devices
still have limited functionality and flexibility so that developing a novel wearable indoor positioning
system is desirable to make the aging people’s daily life much easier and more convenient.

In this paper, we mainly focus on the integration of ego- and ambient-motion tracking in
indoor environments using wearable visual-inertial sensors, where global positioning (GPS-denied) is
unavailable or inaccurate. The goal of this work is to obtain not only accurate ego-motion estimation,
but also the motion of moving object with a metric scale under dynamic scenes. In our work, a moving
visual IMU (Inertial Measurement Unit) system (vIMU) is developed to observe both a 3D static scene
as shown in Figure 1a and a 3D dynamic scene as shown in Figure 1b. Rotational and translational
motion is estimated individually by visual and inertial sensors. Outliers from visual estimations due
to the variety of dynamic indoor environment are rejected via our proposed adaptive orientation
method using MARG (Magnetic, Angular Rate and Gravity) sensors [2]. Moreover, a concept of
“virtual camera” is presented to consider the motion area of each moving object as if a static object were
observed by a “virtual camera”, while the motion of the “real camera” is estimated by the extracted
features from the static background. In particular, considering of the different sampling rates of visual
and inertial sensors and the scale ambiguity in monocular camera tracking, we propose a multi-rate
linear Kalman-filter (MR-LKF) to integrate visual and inertial estimations.

rotation

translation scaleup to a

rotation

translation scalewith metrica

Camera

IMU

(a)

vIMU

vIMU motion

object motion
W

WZ

WY

WX

(b)

Figure 1. Static and dynamic scene. (a) in a static scene, a camera integrated with an IMU can infer the
information of the metric scale; (b) in a dynamic scene, the problem is how to accurately infer both the
vIMU motion and the object motion.
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The main contributions of this paper are summarized as follows: (1) a novel method for dynamic
scene segmentation based on AGOF-aided (Adaptive-Gain Orientation Filter) homography recovery
constraint and epipolar geometry constraint shown as process (B) in Figure 2; (2) a new concept of
“virtual camera” for robust ego- and ambient-estimation in dynamic environments; and (3) an MR-LKF
fusion method for solving the problems of two different sampling rates and scale ambiguity.
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Figure 2. The main framework of the proposed method.

2. Related Work

In recent years, with the development of technology in computer vision, more and more
researchers have been attracted to develop monocular visual-based localization algorithms based
on the theory of structure from motion (SFM) [3–6]. However, there are two main problems with
monocular visual-based localization algorithms. One is the triangulation problem, which can only be
enabled in at least two views where the 3D scene is commonly assumed to be static. If there are other
objects moving in the 3D scene, which is referred to as the dynamic 3D scene, the rule of triangulation
will fail unless some constraints are further applied [7]. The other is the visual scale problem, which
is usually lost when projecting a 3D scene on a 2D imaging plane. The most common approach for
doing so is stereo vision [8,9]. Although these systems work well in many environments, stereo vision
is fundamentally limited by two specific cameras. In addition, the structure of 3D environment and
the motion of camera could be recovered from a monocular camera using structure from motion (SFM)
techniques [10–14], but they are up to an arbitrary scale. Methods appearing in structure from motion
to infer the scale of the 3D structure is to place an artificial reference with a known scale into the scene.
However, it limits its applications to place a marker before the 3D reconstruction .

In the past 10 years, the integration of visual and inertial sensors has shown more significant
performance than a single sensor system, especially in positioning and tracking systems [8,15–17]
due to their complementary properties [18]. Inertial sensors provide good signals with high-rate
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motions in the short term but suffer from accumulated drift due to the double integration during
the estimation of position. On the contrary, visual sensors offer accurate ego-motion estimation with
low-rate motion in the long term, but are sensitive to blurred features during unpredicted and fast
motions [19]. Therefore, recently, these complementary properties have been utilized by more and
more researchers as the basic principle for integrating visual and inertial sensors together. Moreover,
the inertial sensors can not only be small in size, light weight and low in cost, but also easily adopt
wireless communication technologies, so it is much easier for people to wear them. This is why we call
them “wearable” inertial sensors.

In general, the Kalman filter (KF) is a common and popular algorithm for sensor fusion and data
fusion, which is an efficient recursive filter and widely used in many applications. In recent years,
more and more researchers have been attracted to develop novel Kalman-filter-based algorithms to deal
with structural systems. In structural systems, the states including displacements and velocities are
difficult or sometimes impossible to measure, so a variety of novel Kalman filters have been developed
from Kalman’s original formulation by accounting for non-stationary unknown external inputs and
theoretical investigation of observability, stability and associated advancements [20–23]. To our
knowledge, nonlinear Kalman filter techniques are usually applied to almost all of the inertial-visual
fusion algorithms, such as extended KF, unscented KF, etc. [8,17,24–26], because a large state vector and
a complex nonlinear model are required when both the orientation and the position are optimized in the
same process. However, an unacceptable computational burden would be imposed because of so many
recursive formulas. Moreover, the linear approximations of EKF may result in non optimal estimates.
Although [27] proposed a modified linear Kalman filter to perform the fusion of inertial and visual
data, the accurate orientation estimates were based on the assumption of gyroscope measurements
trusted for up to several minutes. In [28], the authors proposed a novel fusion algorithm by separating
the orientation fusion and the position fusion process, while the orientation estimation could only be
robust for a static or slow movement without magnetic distortions using the method proposed in [29].
In contrast, in this paper, the orientation is firstly estimated by our previously proposed orientation
filter in [2] only from inertial measurements. Our orientation filter can not only obtain the robust
orientation in real time for both extra acceleration and magnetic distortions, but also eliminate the
bias and noise in angular velocity and acceleration. In addition, the sampling rates for visual and
inertial sensors are inherently different. As a result, an efficient inertial-visual fusion algorithm, called
multi-rate AGOF/Linear Kalman filter (MR-LKF), is proposed to separate the orientation and the
position estimation; thus, this results in a small state vector and a linear model. A summary of the
related work on inertial-visual integration is presented in Table 1.

Table 1. Related work on inertial-visual fusion (OS, FFT, OFP, OPSP, SE, DFSV, KF, DKF, EKF, UKF,
Gyro, Mag and Acc stand for Orientation Source, Fusion Filter Type, Orientation-aided Feature
points, Orientation and Position in the Same Process, Scale Estimation, Dimension of Filter’s State
Vector, Kalman Filter, Decentralized Kalman Filter, Extended Kalman Filter, Unscented Kalman Filter,
Gyroscope, Magnetometer and Accelerometer respectively; x—No and

√
—Yes).

Reference OS FFT OFP OPSP SE DFSV

Chen et al. [24] vision + Gyro + Acc EKF x x x 16
. Diel et al. [27] Gyro KF x x x 18
Bleser et al. [17] vision + Gyro + Acc EKF x x x 16–22

Randeniya et al. [7] vision + Gyro + Acc DKF x x x 17
Tardif et al. [8] vision + Gyro + Acc EKF x x x 15

Li et al. [25] vision + Gyro + Acc EKF x x x 17
Panahandeh et al. [26] vision + Gyro + Acc UKF x x x 16

Liu et al. [28] vision + Gyro + Acc KF x
√

x 13
This paper Mag + Gyro + Acc MR-LKF

√ √ √
13
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Table 2. Definitions of mathematical symbols and variables.

Symbol Meaning Symbol Meaning

t time f focal length
s sensor frame (x, y)T 2D image point
c camera frame (X, Y, Z)T 3D point
e earth frame (cx , cy)T camera principal point
eg gravity in e K camera intrinsic parameter
sa acceleration in s F fundamental matrix
sω angular velocity in s E essential matrix
sm magnetic field in s b baseline between two consecutive views
s
e q̂ f ,t final orientation from s to e at t R2

1 relative rotation from frame 2 to 1
c
sq relative orientation from c to s l epipolar line
c
sb relative translation from c to s e epipole
sωc,t compensated angular velocity in s at t fc sample rate of camera
sab,t compensated acceleration in s at t λ reciprocal of the scale factor
fs sample rate of sensor T camera ego-motion in homogeneous representation

3. Sensors

This section introduces some preliminary notations and definitions for the camera and integrated
visual-inertial (vIMU) system. For brevity and clarity, Table 2 gives the definitions of mathematical
symbols and variables.

3.1. Camera

3.1.1. Camera Model

A camera is a mapping between the 3D world and a 2D image, so the most specialized and
simplest camera modle, called the basic pinhole camera model [10], is used here to deduce the
mapping between a point in 2D image coordinate system and a point in 3D camera coordinate system.
Under this model, a 3D point Mc = (X, Y, Z)T in the camera coordinate system c is mapped to the
2D point mi = (x, y)T in the image coordinate system i, which is located on the image plane (Z = f ).
A line joining the point Mc to the center of projection (called camera centre) meets the image plane
illustrated in Figure 3. Based on triangle similarity, the relationship between mi and Mc = (X, Y, Z) is
given in Label (1):

x = f X/Z,
y = f Y/Z,

(1)

where f denotes the focal length. Based on the representation of homogeneous coordinates, Label (1)
can be rewritten as a linear mapping using a matrix representation denoted in Label (2):

Z ∗

⎡
⎢⎣x

y
1

⎤
⎥⎦ =

⎡
⎢⎣ f 0 0 0

0 f 0 0
0 0 1 0

⎤
⎥⎦ ∗

⎡
⎢⎢⎢⎣

X
Y
Z
1

⎤
⎥⎥⎥⎦ . (2)

By introducing a non-zero homogenous scaling factor s, Label (2) can be rewritten in Label (3):

⎡
⎢⎣x

y
1

⎤
⎥⎦ = s ∗

⎡
⎢⎣ f 0 0 0

0 f 0 0
0 0 1 0

⎤
⎥⎦ ∗

⎡
⎢⎢⎢⎣

X
Y
Z
1

⎤
⎥⎥⎥⎦ . (3)

177



Micromachines 2018, 9, 113

3.1.2. Intrinsic Camera Parameters

Usually, most of the current imaging systems use pixels to measure image coordinates where the
origin of the pixel coordinate system is located at the top-left pixel of the image. Therefore, in order
to describe a projected point in the pixel coordinate system, the intrinsic camera parameters have
to be taken into account. If mp = (u, v)T represents the 2D point in the pixel coordinate system p
corresponding to the 2D point mi = (x, y)T in image coordination system i, the relationship between
mp = (u, v)T and mi = (x, y)T can be rewritten in Label (4):

u = kxx + cx,
v = kyy + cy,

(4)

where kx and ky, respectively, represent the number of pixels per unit of length in the direction of
x and y. Based on Label (4) and the representation of homogeneous coordinates, the correlation of
(mi = (x, y)T and mp = (u, v)T can be easily denoted in Label (5) using a matrix representation:

⎡
⎢⎣u

v
1

⎤
⎥⎦ =

⎡
⎢⎣kx 0 cx

0 ky cy

0 0 1

⎤
⎥⎦ ∗

⎡
⎢⎣x

y
1

⎤
⎥⎦ . (5)

Depending on Labels (3) and (5), we can easily express the mapping between a 3D point
Mc = (X, Y, Z) in the camera frame and its corresponding 2D point mp = (u, v)T in the pixel frame
using the camera intrinsic calibration matrix K as shown in the following equation:

⎡
⎢⎣u

v
1

⎤
⎥⎦ =

⎡
⎢⎣kx 0 cx

0 ky cy

0 0 1

⎤
⎥⎦ ∗

⎡
⎢⎣x

y
1

⎤
⎥⎦

= s ∗

⎡
⎢⎣ fx 0 cx 0

0 fy cy 0
0 0 1 0

⎤
⎥⎦ ∗

⎡
⎢⎢⎢⎣

X
Y
Z
1

⎤
⎥⎥⎥⎦ = s ∗ K ∗

⎡
⎢⎢⎢⎣

X
Y
Z
1

⎤
⎥⎥⎥⎦ , (6)

where fx and fy, called focal distances, can be respectively obtained by using kx and ky multiplied by
the focal length f .

3.1.3. Extrinsic Camera Parameters

Generally, 3D points are not expressed in the moving camera coordinate system c but in a fixed
reference frame, called the world coordinate system w. The relationship between those coordinate
systems can be given by a rigid transformation consisting of a rotation c

wR and a translation c
wt called

the extrinsic camera parameters or the camera pose. This is illustrated on the right side of Figure 3.
The mapping of a point Mw expressed in the world frame to a point Mc expressed in the camera frame
can be denoted as follows:

Mc = c
wR(Mw − Cw), (7)

where Cw is the position of the camera center in the world frame. Label (7) can be rewritten in another
commonly used form as illustrated in Lable (8):

Mc = c
wRMw + c

wt, (8)
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where the rotation c
wR is pre-estimated only from inertial sensors and then used for calculating the

translation c
wt denoted as c

wt = −c
wRCw. By introducing homogeneous coordinates, Label (8) can be

expressed as a linear operation shown in Label (9):

⎡
⎢⎢⎢⎣

Xc

Yc

Zc

1

⎤
⎥⎥⎥⎦ =

[
c
wR c

wt
0T

3 1

]
∗

⎡
⎢⎢⎢⎣

Xw

Yw

Zw

1

⎤
⎥⎥⎥⎦ , (9)

where c
wR and c

wt are the camera’s extrinsic parameters.

3.1.4. From World to Pixel Coordinates

By combining the forward transformations given in Label (6) and Label (9), the expected pixel
location mp can be computed from each point Mw using Label (10):

⎡
⎢⎣u

v
1

⎤
⎥⎦ = s ∗ K ∗

⎡
⎢⎢⎢⎣

Xc

Yc

Zc

1

⎤
⎥⎥⎥⎦ = s ∗ K ∗

[
c
wR c

wt
0T

3 1

]
∗

⎡
⎢⎢⎢⎣

Xw

Yw

Zw

1

⎤
⎥⎥⎥⎦ , (10)

so the mapping can be simply expressed as mp ∼ PMw, where the matrix P = K[cwR | c
wt] is called the

camera projection matrix, and ∼ means equivalence up to a scale factor.

wC

wM

c T c w w
w R M M C= −

,c

c

w

wR
t

Figure 3. left: the relationship between the camera and image coordinates and between the camera
and world coordinates; right: side view of the left figure is used to derive the relationship between the
camera and image coordinates based on the principle of similarity.

3.2. Visual IMU System

A wearable visual IMU (vIMU) system is shown in Figure 4c. It integrates a camera and a newly
developed MARG sensor together on a sunglass, so it is convenient for people to wear. The camera has
a feature of 170 degree wide-angle, HD (High Definition) camera lens with 5.0 Mage 720P. Figure 4a
shows the prototype of MARG sensor, which contains a tri-axis accelerometer (LIS3LV02D), a tri-axis
gyroscope (ITG3200) and a tri-axis magnetometer (HMC5843) in a small sensor package. All signals
are transmitted through Bluetooth. Moreover, an processor (TI MSP430F2618) is embedded in the
small chip for convenient computation. The hardware configurations of the MARG sensor is shown
in Figure 4b.
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In order to integrate the measurements from different sensors, their measurements have to
be timely and spatially synchronized due to each physical sensor providing measurements in its
own time and spatial reference. The proposed vIMU system provides timely synchronized image
sequences and inertial readings. The sample rate of MARG sensor is 60 Hz and the sample rate of
camera can be lower due to the accurate baseline from epipolar geometry constraint. The related
coordinate systems connected to the camera and the MARG sensor have already been presented in our
previous work [2,30].
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Figure 4. Prototype of MARG sensor and wearable vIMU system. (a) the developed MARG sensor;
(b) hardware configuration of MARG sensor; (c) the wearable vIMU system.

4. Motion Estimation

In this section, an adaptive method is presented to estimate motion from visual measurements
with the help of inertial measurements. Inertial motion estimation outputs the real-time orientation
using an adaptive-gain orientation filter (AGOF) from our previous work [2], which aids visual motion
estimation to not only segment dynamic scenes, but also compute the camera transformation from
corresponding features between consecutive images.

4.1. AGOF-Aided Dynamic Scene Segmentation

The SIFT (Scale-Invariant Feature Transform) algorithm is selected to generate a SIFT descriptor
corresponding to each key-point [31] and then all 2D matched feature points are obtained. The goal
of our work is to propose a robout algorithm to classify these matched feature points. As a result,
different groups of matched featuer points are used to recover the corresponding motions. In this
subsection, we present the sorted method for matched feature points: AGOF-aided homography
recovery constraint and epipolar geometry constraint.
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4.1.1. Homography Recovery

When the camera undergoes a pure translation, a general motion of camera can be transformed to
a special motion with the help of the preestimated robust orientation from our AGOF filter. Usually,
there are two special cases: one is parallel to the image plane and the other is perpendicular to the
image plane.

As shown in Figure 5, the homography H can recover rotation between two consecutive images
because it directly connects the corresponding 2D points of a 3D point. If the camera intrinsic parameter
K and the rotation R are known, the homography H can be directly obtained using Label (11):

mT
k+1 = Hmk,

H = KRK−1,
(11)

where mk = (uk, vk) and mk+1 = (uk+1, vk+1) are corresponding 2D points in two consecutive frames
k and k + 1 of a 3D point M. As we mentioned previously, the rotation R can be preestimated, so a
bunch of motion lines, which connect the corresponding 2D matched feature points of a 3D point,
are obtained. These lines can be sorted by computing the slope of them or checking if they can intersect
at the same point called “epipole”. The slope of motion line ρ can be expressed in Label (12) according
to mk and mk+1:

ρ =
uk+1 − uk
vk+1 − vk

, if ‖vk+1 − vk‖ �= 0. (12)

If ‖vk+1 − vk‖ equals 0, then the real camera moves along x-axis of the camera coordinate system.

1z
1ke

+
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1kc

+

ke

H

k 'k 1k +

Figure 5. Homography recovery under a general motion of camera.

4.1.2. Epipolar Geometry

According to the definition in reference [10], two epipolar lines can be obtained in Label (13)
based on the optical flows:

lk = ek × mk = [ek]×mk,
lk+1 = ek+1 × mk+1 = [ek+1]×mk+1,

(13)

where ek and ek+1 are the epipoles; [ek]× and [ek+1]× are 3 × 3 skew-symmetric matrixes; lk and lk+1
respectively denote lines connecting e and m in frame k and frame k + 1 respectively as shown in
Figure 6. Moreover, based on the constraint of epipolar geometry as depicted in Label (14), two
epipolar lines l

′
k and l

′
k+1 could be inferred from the fundamental matrix F as shown in Label (15):

mT
k+1Fmk = 0, (14)

l
′
k = FTmk+1 , l

′
k+1 = Fmk. (15)
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Based on two constraints of optical flow and epipolar geometry for static points, we can obtain
lk

∼= l
′
k and lk+1

∼= l
′
k+1, where ∼= means up to a scale factor. Nevertheless, the constrain of epipolar

geometry will be not satisfied if the points belong to moving objectgs. Therefore, for feature points
from moving objects in the scene, the distance from the 2D point to the corresponding epipolar line is
chosen to evaluate how discrepant this epipolar line is, and it can be derived in Label (16) from the
constraint of epipolar geometry:

dk =
mT

k (F
Tmk+1)

‖ FTmk+1 ‖2 ,

dk+1 =
mT

k+1(Fmk)

‖ Fmk ‖2 .
(16)

In general, the distance for a static point is non-zero due to image noises and estimation errors of
epipolar geometry. Actually, the larger the distance, the more confidently the 3D point is considered to
be part of a moving object.
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Figure 6. Epipolar geometry.

4.2. Real and Virtual Camera Motion Recovery

Based on the matched 2D feature points from a moving object viewed by a moving camera,
the recovered poses actually reflect the combined motion of the moving object and the moving camera.
For better understanding, a novel concept of a “virtual” camera is proposed to consider as if the object
were static observed by a “virtual” moving camera in comparison with the “real” camera as depicted
in Figure 7. This section will emphasize how to recover the motion of real and virtual camera.

4.2.1. Relative Motion Recovery for Real Camera

After dividing 2D matched feature points based on two pre-presented constraints, the essential
matrix E can be derived from the fundamental matrix F and the camera’s intrinsic parameter matrix K
using Labels (14) and (17):

E = KTFK. (17)
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As we know, the relative translation Δt and rotation ΔR of camera can be obtained from the
essential matrix E, so Δt and ΔR could differentiate the relative motion of camera from the absolute
motion of camera. Authors in [10] retrieved the camera matrices from the essential matrix E using
E = [t]×R, so the relative rotation ΔR and the relative translation Δt, as shown in Figure 6, can be
recovered from E by using Labels (18) and (19) based on the method proposed in [32]:

Δt ΔtT =
1
2

Trace(EET)I − EET ,

(Δt · Δt)ΔR = E∗T − Δt × E,
(18)

where E∗ is E’s cofactor and I is a 3 × 3 identity matrix. As a result, two solutions Δt1 and Δt2 could be
obtained for Δt by finding the largest row of matrix T = Δt ΔtT as shown in Label (19):

Δt = ±T(i, :)T/
√
T(i, i), (19)

where T(i, i) is the largest element of diagonal of matrix T (i = 1, 2, 3). Therefore, the camera matrix
has only two different solutions: P1 = [ΔR | Δt1] and P2 = [ΔR | Δt2] due to pre-estimated accurate
ΔR in [2]. Here, we use the rule that a reconstructed 3D point should be in front of the camera between
two consecutive views to check which one of these two solutions is satisfied.

Finally, a refining process called “Bundle Adjustment” is used to optimize the parameters of the
relative motion Δt and the optical characteristics of the camera K, according to a nonlinear least square
solution to minimize the total reprojection errors of all points in two consecutive images at k and k + 1
as shown in Label (20):

ε = [εk, εk+1]
T ,

εk = ∑i ‖imk − K[eye(3)|03×1]
i M‖,

εk+1 = ∑i ‖imk+1 − K[ΔR|Δt]i M‖,
(20)

where imk represents the i-th 2D point in the image coordinate at frame k and i M is the corresponding
3D point.
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Figure 7. A concept of virtual camera.

4.2.2. Relative Motion Recovery for Virtual Camera

According to the pre-proposed concept of virtual camera, the motion of virtual camera is actually
the combination motion of real camera and moving object. In addition, the intrinsic parameters of
virtual camera is the same as those of real camera, but the motion of virtual camera is different from
that of real camera with the presence of moving objects.
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Meanwhile, the relative motion of virtual camera can be obtained by using the similar method as
the real camera in Section 4.2.1. The only difference is that the relative rotation does not need to be
recovered for the real camera because the real camera is rigidly attached with the IMU and the rotation
of real camera can be pre-estimated from IMU-only.

4.2.3. Scale Adjustment

The baseline Δt, recovered from E based on Label (19), can only have available direction because
the camera motion is only estimated up to a scale. This is a so-called scale problem in monocular
vision. Since there are multiple frames, the baseline estimated between each pair of consecutive frames
is only determined up to an unknown and different scale factor as shown in Figure 8.

x0

y0

z0

c0

x2

y2

z2

c2

x1

y1

z1

c1[ | ]R s tΔ Δ1 1 1

wx

wy

wz

w

( , , ),x y z s0 0 0

( , , ),x y z s1 1 1

( , , ),x y z s2 2 2

[ | ]R s tΔ Δ2 2 2

Figure 8. Unified scale recovery from videos.

In order to obtain a scale consistent trajectory estimation of the camera motion, the scale for
each camera motion between two consecutive frames needs to be adjusted so that only one global
scale parameter remains unknown. This global scale defines the true size of the reconstructed 3D
structure and can be recovered if the information about the real world is introduced. In this subsection,
an inertial measurement unit, which consists of three-axis accelerometer, gyroscope and magnetometer,
is used to infer the information about the real world. Section 5 will introduce the estimation of this
absolute global scale in details.

For adjusting the scale, the method proposed in [33] will be employed in this subsection, where the
scale is computed in closed form with a 1-point algorithm. Given the scale free motion estimation
([ΔR|Δt]) of the camera from frame k to frame k− 1, the feature matches between frame k− 1 and frame
k (m = (x, y, 1)T = K−1 ∗ (u, v, 1)T), and the reconstructed 3D points (M = (X, Y, Z, 1)T) obtained
from three consecutive frames k − 2, k − 1 and k , the scale can be adjusted as follows:

m = [ΔR|skΔt]M, (21)

where sk is the scale ratio that relates the baseline between camera frame k − 2 and frame k − 1 and the
baseline between camera frame k − 1 and frame k. Label (21) can be rewritten as Ask = b, where A
and b are vectors. The vector A contains one constraint per row Δtx − Δtzx, defined by one 2D ∼
3D correspondence. The vector b is defined as: (Δr1 − Δr3x)X where Δr1 is the first row of ΔR.
Then, the scale sk is solved by using SVD (Singular Value Decomposition) [10] for obtaining a solution
in the least square sense as:

sk =
ATb
AT A

. (22)

Though only one 2D∼3D correspondence is needed to solve the scale parameter, all available
correspondences are used in this paper for robustness.
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4.2.4. Camera Absolute Motion Recovery

Usually, the camera absolute poses, which are relative to the world coordinate, are essential to
be obtained for motion estimation. However, from the 2D matched points, we can derive the relative
rotation ΔR and translation Δt between two consecutive frames. If (Rk, tk) and (Rk+1, tk+1) respectively
represent the absolute rotation and translation of camera for frame k (k = 1, 2, · · · ) and k + 1, then a
static 3D point M can be easily expressed between the camera frame and the world frame as shown in
Labels (23) and (24):

Mc
k = Rk Mw

k + tk, (23)

Mc
k+1 = Rk+1Mw

k+1 + tk+1. (24)

The position of M will not be changed from frame k to frame k + 1 because M is a static point and
meanwhile the world frame does not move. In other words, we can easily define Mw

k = Mw
k+1 = Mw,

then Mw can be derived from Label (23) as Mw = RT
k (Mc

k − tk). Thus, Label (25) is obtained by
substituting Mw for Mw

k+1 in Label (24):

Mc
k+1 = Rk+1RT

k Mc
k − Rk+1RT

k tk + tk+1
= ΔRMc

k + Δt,
(25)

with ΔR = Rk+1RT
k and Δt = tk+1 − Rk+1RT

k tk. Inversely, given (ΔR, Δt) and (Rk, tk), the camera’s
absolute poses at frame k + 1 cane be easily solved by using Label (26):

Rk+1 = ΔRRk,
tk+1 = Δt + ΔRtk.

(26)

4.3. Motion Estimation for 3D Object

In this section, the motion of 3D objects in the world frame will be estimated from the motion
of real camera and virtual camera. Assuming that a 3D point Mb

k is attached to a moving object as
depicted in the left of Figure 7, Mb

k can be derived from the initial position Mb
1 according to the motion

of rigid object( b
wRk and b

wtk) Label (27):

Mb
k = b

wRk Mb
1 +

b
wtk, (27)

where superscript b indicates the point M is attached to the moving object and subscript k denotes the
point is viewed at frame k. It is clearly seen that the static rigid object is a special case where b

wRk = I
and b

wtk = 0.
Based on the motion of real camera c

wRk and c
wtk at frame k, we can use Label (28) to obtain the 3D

position of a point from the world frame to the current real camera frame:

Mc
k = c

wRk Mb
k +

c
wtk. (28)

Combining Labels (27) and (28), the 3D position of point with respect to the k-th camera can be
easily derived in Label (29):

Mc
k = (c

wRk
b
wRk)Mb

1 + (c
wRk

b
wtk +

c
wtk). (29)

As aforementioned, the special case with b
wRk = I and b

wtk = 0 can be thought as the static object
observed by a moving camera, which can simplify Label (29) to be Label (8). Actually, the definition of
the “virtual” camera originates from Label (29), which denotes a static object (Mb

1 = Mb
k) viewed by a
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moving camera as shown in the right of Figure 7. Therefore, the motion of “virtual” camera (v
wRk, v

wtk)
at frame k can be denoted in Label (30):

v
wRk = c

wRk
b
wRk,

v
wtk = c

wRk
b
wtk +

c
wtk.

(30)

It is clearly seen that the initial point has b
wRk = I and b

wtk = 0 in frame 1, so the motion of
virtual camera has the same motion as the real camera at frame 1: v

wR1 = c
wR1 = I and v

wt1 = c
wt1 = 0.

During the following frames, the virtual camera’s motion differs from the real camera’s motion because
of the motion of rigid objects.

As a result, the object pose (b
wRk, b

wtk) can be derived by using Label (30) based on the real camera’s
motion (c

wRk, c
wtk) and the virtual camera’s motion (v

wRk, v
wtk):

b
wRk = (c

wRk)
−1v

wRk,
b
wtk = (c

wRk)
−1(v

wtk − c
wtk).

(31)

5. Multi-Rate Linear Kalman Filter

As we mentioned previously, the main problem of monocular vision is scale ambiguity.
The inertial sensors can infer the position with absolute metric unit from the accelerometer,
which suffers from the accumulated drift for long-term tracking. Therefore, the combination of
monocular visual and inertial data is proposed in this paper to solve the scale ambiguity. In the
state-of-the-art literature [8,17,24–26], the sensor fusion algorithm requires a nonlinear estimator to
estimate both the orientation and the position in the same process, such as Extended Kalman Filter
(EKF), Unscented Kalman Filter (UKF), etc. However, in this paper, a multi-rate linear estimator,
called “AGOF/Linear Kalman Filter” as our previous work [30], was designed to integrate visual
and inertial measurements together without updating orientation information, so that the model can
be linear and only needs a small state vector. The following sections briefly review our proposed
filter in [30].

5.1. State Vector Definition

The state vector xk and the system process noise n can be expressed as follows

xk = [ce pk; c
evk; c

eak; λk; ba,k],
n = [na; nλ; nba ],

(32)

where c
e pk is camera position without scale, c

evk is camera velocity, c
eak is camera acceleration expressed

in metric unit (meter), λk = 1/sk is the reciprocal of the absolute scale factor, which leads to low-order
polynomials and ba,k is the accelerometer bias.

5.2. Dynamic Model

The system is assumed to have a uniformly accelerated linear translation at time k, so the
translation of the camera can be modeled by an equation set. Thus, the dynamic model of the state is
defined as follows:

c
e pk+1 = c

e pk + Tλk
c
evk +

T2λk
2

c
eak +

T3λk
6 na,

c
evk+1 = c

evk + Tc
eak +

T2

2 na,
c
eak+1 = c

eak + Tna,
λk+1 = λk + nλ,

ba,k+1 = ba,k + Tnba ,

(33)

where T represents the time span between k and k + 1. λk is based on a random walk model and the
bias ba,k is based on the value and a white noise at time k.
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5.3. Measurement Model

The involved sensors are with two different sampling rates, so two measurements are considered:
one is sym

k =
[c

eam
k
]

when inertial measurements are available and the other is cym
k =

[c
e pm

k
]

when
visual measurements are available. Therefore, the updating equation of measurements for output
states is:

yk = Hxk + ek, (34)

with Hs,k =
(

03×3 03×3 I3×3 03×4

)
for available inertial measurements or

Hc,k =
(

I3×3 03×3 03×4 03×3

)
for available visual measurements.

In order to obtain reliable measurements from inertial sensors as the input of measurement model,
the effect of the gravity eg = [0 0 − 9.8]T denoted in the earth coordinate system e should be firstly
removed from the raw acceleration measurements sa in sensor coordinate system s based on the
preestimated robust orientation s

eq̂ f using the quaternion-based representation. The related equations
are depicted in Label (35):

c
eam

k = R(c
sq) ∗ (R(s

eq̂ f ,k) ∗ sak − eg) + c
st,

sak = sam
k − ba,k − ea,k,

(35)

where the operator R denotes converting orientation from unit quaternion representation to rotation
matrix representation; c

sq and c
sb can be obtained from the hand-eye calibration using the method in [34].

6. Experimental Results and Analysis

6.1. Experimental Setup

The performance of our proposed method was tested by a sunglass with wearable visual-inertial
fusion system as shown in Figure 4c in different indoor environments. Firstly, three different
experiments were performed in three different indoor environments, which are a hallway, an office
room and a home-based environment. In order to test the accuracy of ego-motion estimation, the results
from a Pioneer robot were as our ground truth shown in Figure 9. Moreover, the results were compared
with those from EKF to verify our proposed MR-LKF more efficient. Secondly, a longer closed-loop
path was performed, where a person was walking up and down the stairs with the visual-inertial
system. Finally, an office-based dynamic environment was concerned, where a toy car was moving in
a straight line.

Figure 9. The Pioneer robot platform for experimental illustrations.

6.2. Experimental Results

6.2.1. Experiment I: Straight-Line Motion Estimation in a Hallway

The experiment was conducted to attach the proposed vIMU system on the Pioneer robot platform
to follow a straight line in our office hallway. The tracked trajectory is shown in Figure 10g compared
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with the results from EKF and the Pioneer robot. It is clearly seen that the estimated trajectory is more
accurate and closer to the ground truth. In addition, Figure 10h shows the inertrial measurements,
which obviously shows the movement of the system as slow and smooth. Moreover, typical frames
and 3D visualized tracked trajectory are clearly given in Figure 10a–f.
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Figure 10. Straight-line Motion Estimation in a hallway. (a–f) typical frames; (g) estimated trajectory
with a magnified final position; (h) inertial measurements.
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6.2.2. Experiment II: Curve Motion Estimation in an Office Room

In this test scenario, the Pioneer robot attached the visual-inertial system to follow a curve in
our office room. Figure 11h shows the inertial measurements, which obviously show that the system
experienced fast rotational and translational motion. The tracked trajectory is shown in Figure 11g
compared with the results from EKF and the Pioneer robot. It is clearly seen that the estimated
trajectory is more accurate and closer to the ground truth. Moreover, typical frames and 3D visualized
tracked trajectory are clearly given in Figure 11a–f.
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Figure 11. Curve Motion Estimation in an office room. (a–f) typical frames; (g) estimated trajectory
with a magnified final position; (h) inertial measurements.
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6.2.3. Experiment III: Semicircle Motion Estimation in A Home-Based Environment

This test was performed on a controllable robot arm to generate a semicircle movement in a
home-based environment. Obviously, the radius of the semicircle is actually the length of the arm,
so the accuracy of estimated results can be verified based on the known trajectory equation. The
tracked trajectory is shown in Figure 12g compared with the results from EKF and the known trajectory.
It is clearly seen that the estimated trajectory is more accurate and closer to the known trajectory.
In addition, Figure 12h shows the orientation estimation from our AGOF orientation filter compared
with the true orientation. Moreover, typical frames and 3D visualized tracked trajectory are clearly
given in Figure 12a–f.
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Figure 12. Semicircle Motion Estimation in a home-based environment. (a–f) typical frames;
(g) estimated trajectory; (h) Orientation estimation.
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6.2.4. Experiment IV: Closed-Loop Motion Estimation

In this test, a longer trial was performed to verify the efficiency of the proposed method in
three-dimensional estimation, where a closed route was conducted by a person walking up and down
stairs with the visual-inertial system. Figure 13a shows the estimated trajectory with a magnified final
position. It is clearly seen that our proposed method can correct the drift and make the final position
very close to the initial position. Moreover, the robust orientation estimation from our AGOF filter,
shown in Figure 13b, plays an important role in reducing the drift.
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Figure 13. Closed-loop Motion Estimation. (a) closed trajectory estimation; (b) orientation estimation
from AGOF filter.

6.2.5. Experiment V: Motion Estimation with Moving Objects in an Office-Based Environment

During this test, a person wearing the visual-inertial system was walking in an office-based
environment, where a moving toy car was viewed. In this test scenario, a straight line was performed
by the moving toy car on a table. The detected moving toy car is labeled within a black bounding box
and six key frames with this detected toy car are selected as denoted in Figure 14a–f. Figure 14g shows
the motion of the real and virtual camera, which are labeled by using red and blue line, respectively.
The motion of moving car is finally derived and labeled by green line in Figure 14g. In particular,
the trajectory of a moving car is clearly seen by drawing the shadows of each motion on a 2D plane.

(a) (b) (c)

(d) (e) (f)

Figure 14. Cont.

191



Micromachines 2018, 9, 113

−1
−0.5

0
0.5

1

−0.5

0

0.5

1
−1

−0.5

0

0.5

 

x
y

 

z

Real camera motion
Virtual camera motion
Moving toy−car motion
Shadows of real camera
Shadows of virtual camera
Shadows of toy−car

(g)

Figure 14. Motion estimation with moving objects in an office-based environment. (a–f) typical frames;
(g) the 3D motion of real camera, virtual camera and moving toy car with 2D shadows.

6.3. Experimental Analysis

6.3.1. Scale Factor Analysis

Figure 15 shows the scale factor estimation for straight-line and curve movements. It is clearly
illustrated that the scale factor s changes over time t and its converge time is about 10 s. Therefore,
each experiment requires 10 s time calibration at the beginning.
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Figure 15. Scale factor analysis. (a) scale factor estimation for straight-line motion; (a) scale factor
estimation for curve motion.

6.3.2. Accuracy Analysis

Four different movements have been used to test the accuracy of our proposed algorithm.
For Experiments I and II, the error of each camera position c

e pk in the reconstructed trajectory is
calculated as the Euclidean distance between each point of the estimated camera trajectory and the
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trajectory probot,k from Pioneer robot as shown in Label (36). Based on the known trajectory equation
of the semicircle, the accuracy can be verified by Label (37), where r = 0.221 m is actually the length of
robot arm. The accuracy of the fifth experiment is verified based on the known path of the moving
toy car:

errork =
√
(c

e pk − probot,k)
T(c

e pk − probot,k), (36)

(x − r)2 + y2 = r2. (37)

Table 3 depicts the error accuracy analysis for four experiments. The true length of four different
trajectories is respectively 12 m, 12.5 m, 0.69 m and 1 m. As clearly shown in Figures 10h and 11h,
the robot platform experienced different motions with slow and smooth motion in Experiment I
and fast rotational and translational motion in Experiment II. From Table 3, it is clearly seen that
Experiment I has higher accuracy than Experiment II, but the estimated results from our proposed
method in both of Experiments I and II are more accurate than those from the EKF as shown in
Figures 10g and 11g.

Table 3. Error accuracy analysis in four experiments.

Trajectory Type and Length (m) Mean Error (m) Maximum Error (m) Mean Error over the Trajectory

Experiment I: 12 0.17 0.28 1.42%
Experiment II: 12.5 0.3 0.55 2.4%
Experiment III: 0.69 0.015 0.03 2.2%

Experiment V: 1 0.035 0.12 3.5%

6.3.3. Dynamic Scene Segmentation Analysis

The experimental illustration was shown in Figure 16 to demonstrate our proposed AGOF-aided
homography recovery constraint for dynamic scene segmentation. Figure 16a shows detected 2D
feature points and matched in two consecutive frames (green circles in the first frame and red circles in
the second frame). In Figure 16b, the feature points in the first frame are transformed and 2D motion
paths are obtained based on homography recovery with the help of the AGOF orientation filter. It is
clear seen from Figure 16c that the feature matches can be easily sorted out. Finally, the moving object
can be detected and separated from the background as denoted in Figure 16d.

The experimental illustration for the proposed dynamic scene segmentation constrained by
epipolar geometry is shown in Figure 17. Figure 17a depicts detected 2D feature points and matched in
two consecutive frames. The distance errors between the points and their corresponding epipolar lines
are shown in Figure 17b. As we described in Section 4.1.2, the larger the distance is, the more likely the
3D point belongs to an independently moving object. Therefore, the distance errors can be used to sort
out the points belonging to the moving object. As a result, the moving object can be separated from
the background and tracked in each frame as shown in Figure 17c,d.

6.3.4. Scale Adjustment and Estimation Analysis

Based on a set of scale inconsistent camera motions and 2D feature matches, the 3D structure
could be reconstructed using a linear reconstruction method, such as singular value decomposition
(SVD) [10]. While the reconstructed 3D structure could be very noisy and not consistent due to the
frame-to-frame reconstruction and the inconsistent estimation of the camera motion. This also results
in a duplicated structure as shown in Figure 18b. After adopting our proposed scale adjustment
method, a refined 3D point cloud can be obtained with a unified scale. Figure 18c clearly shows that
the reconstructed 3D structure is consistent and has no duplicated structure. Having obtained a set of
scale consistent camera motions, an absolute global scale can be estimated with the help of the IMU
sensor and the 3D reconstructed point cloud with metric scale is shown in Figure 18d.
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(a) (b)

(c) (d)

Figure 16. Experimental illustrations for homography recovery. (a) detected 2D feature points in first
frame; (b) detected 2D feature points in second frame; (c) sorted feature matches; (d) detected toy car.
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Figure 17. Experimental illustrations for epipolar geometry. (a) feature matches; (b) distance errors;
(c) moving toy car detected in first frame; (d) moving toy car detected in second frame.
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Figure 18. Experimental illustrations for scale adjustment and estimation. (a) original frame; (b) camera
motion and 3D reconstructed point cloud without unified scale; (c) camera motion and 3D reconstructed
point cloud with unified scale; (d) camera motion and 3D reconstructed point cloud with metric scale.

7. Conclusions

A novel wearable absolute ego-motion tracking system was proposed for indoor positioning.
The use of pre-estimated orientation from inertial sensors can eliminate mismatched points based on
geometry constraints. In addition, a novel concept of “virtual camera” was presented to represent
the motion from the motion areas related to each moving object, which was actually the combined
motion from the real camera and the moving object. Moreover, an adaptive multi-rare linear Kalman
filter was adopted to solve not only scale ambiguity, but also the problem of different sampling rates.
This proposed system has much potential to aid the visually impaired and blind people, so, in the
future, the goal of our work will aim at several scenarios of real obstacles to test the robustness and
effectiveness of the proposed system with motion alerts.

Supplementary Materials: The following are available online at www.mdpi.com/2072-666X/9/3/113/s1,
Video S1: Ego-motion demonstration, Video S2: Realtime orientation demonstration.
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Abstract: The design and fabrication of a Micro-electromechanical Systems (MEMS)-based
tilted microcoil on a polyimide capillary are reported in this paper, proposed for an
electromagnetically-driven single-fiber endoscope scanner application. The parameters of the tilted
microcoil were optimized by simulation. It is proved that the largest driving force could be achieved
when the tilt-angle, the pitch and the coil turns of the designed microcoil were 60◦, 80 μm and 20,
respectively. The modal simulation of the designed fiber scanner was carried out. The prototypes of
the tilted microcoils were fabricated on the surface of polyimide capillary with 1 mm-diameter using
our developed cylindrical projection lithography system. The dimensions of the two tilted microcoils
were as follows: one was tilt-angle 45◦, line width 10 ± 0.2 μm, coil pitch 78.5 ± 0.5 μm, and the
other was tilt-angle 60◦, line width 10 ± 0.2 μm, coil pitch 81.5 ± 0.5 μm. Finally, a direct mask-less
electroplating process was employed to fabricate the copper microcoil with 15 μm thickness on the
gold (Au) seed-layer, and the corresponding line width was expanded to 40 μm.

Keywords: tilted microcoil; electromagnetically-driven; surface micromachining; polyimide capillary; MEMS

1. Introduction

Miniature devices have been developed extensively for medical and biological applications.
Recently, to inspect the imaging within blood vessel and lactiferous ducts inside animal and human
body, ultra-thin medical endoscopes have been developed by shrinking the overall diameter of
the devices [1,2]. Conventional endoscopes mostly employ Charge Coupled Device (CCD) and
Complementary Metal Oxide Semiconductor (CMOS) imaging sensors for image capture [3,4].
However, the main limitation of video-endoscopes is their diameters. Video-endoscopes <3 mm
in diameter suffer from a reduced imaging quality when using conventional imaging technology.
Consequently, a kind of flexible endoscope was ushered in by fiber-optic bundles [5,6]. It is also
difficult to obtain high-resolution imaging within a thin fiber scope, due to the fact that the number of
optical fibers is restricted. In order to improve the imaging quality, a smaller diameter, rapid-scanning
and high-resolution optical scanner with a single fiber has recently been developed.

Micromachines 2018, 9, 61; doi:10.3390/mi9020061 www.mdpi.com/journal/micromachines198
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Weber et al. [7] developed a single-fiber scanner, which employed a micro-mirror and a
micro-motor to realize linear and rotated scanning, and the outer diameter of the assembled system was
2.75 mm. Hu et al. [8] proposed a single fiber coated with nickel magnetic gel, which was actuated by
an external electromagnet. Weber et al. [9] also presented an endoscopic probe with a forward-looking
piezoelectric fiber scanner with an outer diameter of 2.5 mm. Assadsangabi et al. [10] reported an
optical fiber scanner using a micro rotary motor, which consisted of ferrofluid, permanent magnet and
activation coil. Its final packaged outer diameter was 3 mm. Obviously, the packaged dimensions in
the aforementioned designs were too large for some intra-corporeal applications in which the fiber
scanner needs to fit in small diameter (<2 mm) organ ducts. In addition, Tadao et al. [2] reported an
electromagnetically-driven ultra-miniature single-fiber scanner that was actuated by tilted microcoils
fabricated on cylindrical substrates using a laser point exposure system. A microcoil with a tilt-angle of
45◦ and a coil pitch of 200 μm was successfully obtained, but scanning amplitude was limited because
of the small driving force generated by a large pitch microcoil.

In this work, we present an ultra-thin electromagnetically-driven scanner fabricated by a novel
Micro-electromechanical Systems (MEMS)-based fabrication method called cylindrical projection
lithography, which is a new fabrication technology for manufacturing functional microstructures
or transducers on the surface of cylindrical substrates as micro components in some biomedical
tools. The developed cylindrical projection lithography method can be used for directly patterning
tilted microcoil on the surface of a polyimide capillary as an electromagnetically-driven actuator.
The microcoil patterns of photoresist film can be fabricated with different tilt-angles. More importantly,
a smaller line width and coil pitch can be also realized. Thus, the fabricated microcoil would efficiently
enhance the electromagnetically driven force, despite its miniature size. The corresponding fabrication
process also includes spray-coating technology and a direct mask-less electroplating process on a
microcoil pattern with a seed layer.

We begin in the next section by describing the configuration and principle of the designed single-fiber
scanner, followed by optimizing the related structural parameters. Subsequently, the cylindrical projection
lithography technique and fabrication process are presented. Finally, the fabrication and characterization
of the tilted microcoils are presented.

2. Design and Simulation

2.1. Single-Fiber Scanner

To realize a large scanning amplitude in the narrow space of the human body, a novel
electromagnetically driven MEMS-based single-fiber scanner has been designed, as illustrated in
Figure 1. This fiber scanner is composed of a single-mode optical fiber, a collimator lens, a cylindrical
magnet, a jig, and two tilted microcoils (X-axis driving coil and Y-axis driving coil). A 125 μm diameter
optical fiber is positioned in the middle of the polyimide capillary using a jig with a small hole in
it, which is manufactured by a 3D printer. A micro collimator lens is fused at the tip of the optical
fiber, and a cylindrical magnet (Cobalt Nickel) is fixed on the fiber. Finally, two tilted microcoils are
fabricated on the surface of the 1 mm diameter polyimide capillary with a wall thickness of 0.1 mm
(SCHOTT MORITEX Corporation, Cambridge, UK). Its melting point and dielectric constant are
400 ◦C and 3.4 respectively. When AC power is supplied to the tilted microcoil, the fiber will vibrate
continuously in period under the effect of magnetic force torque. By supplying AC power to both of
the driving coils with a 90◦ phase shift, the fiber can scan in two dimensions. When the frequency of
the applied AC is the same as that of the fiber with magnet, the whole structure will continuously scan
with the largest amplitude scanning angle.
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Figure 1. Sketch of proposed single-fiber scanner by electromagnetically driven tilted microcoil to
which AC power is supplied.

2.2. Design of Tilted Microcoil

Theoretically, when a soft magnetic magnet is placed inside a tilted microcoil as shown in Figure 2,
a magnetic force torque will be generated on the magnet and a torque T proportional to magnetic force
F is exerted on the magnet given by [11].

T = V × |M × H| = VMH sin α ∝ F (1)

where, the volume of the magnet is V, M is the magnetization intensity. α is the angle between
magnetization direction and external magnetic field. Here, it is equal to the value of the tilt-angle.
H is the magnetic field intensity generated by tilted microcoil. Generally, the smaller the coil pitch,
the greater the magnetic field intensity.

 

Figure 2. Schematic of torque calculation under tilt magnetic field.

The key parameters of designed tilted microcoil are shown in Figure 3a, including coil pitch,
tilt-angle and turns. ANSYS MAXWELL software (V16.0, Ansys Inc., Canonsburg, PA, USA) was
used for simulating the magnetic force, as well as providing us a convenient method and relative
precise result. Coil pitch is a decisive factor for magnetic field intensity. Here, the coil pitch of 80 μm is
designed in order to provide our fabrication with a greater ability to achieve greater magnetic field
intensity. The simulation model consists of two parts: tilted microcoil model and magnet model.
The tilted microcoil model was built with different parameters, such as tilt-angle, coil pitch and turns.
The material property of the microcoil model is copper, which is applied with 50 mA AC power. On the
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other hand, a 3 mm length and 600 μm diameter magnet is established, which is made of Cobalt Nickle,
whose test coercive field strength is shown in Figure 3b.

Figure 3. Parameters of designed microcoil and simulated results of magnetic force. (a) Key parameters
of tilted microcoil and magnet; (b) B-H curve of CoNi magnet used; (c) Simulated magnetic force with
different tilt-angles; (d) Simulated magnetic forces with relative positions between coil and magnet.
(Nr. means number in the figure).

Figure 3c shows that the magnetic force gradually rises as the tilt-angle increases. This is consistent
with theoretical torque calculation, where the torque also increases with the angle α. However,
the tilt-angle is limited in our present fabrication process, and a larger tilt-angle (more than 60◦) is
difficult to realize due to the insufficient running accuracy of the stage and underexposure. In the
present work, a microcoil with a 60◦ tilt-angle is fabricated in order to obtain, to the best of our ability,
a large magnetic force.

Subsequently, the effect of the location of the magnet on the output magnetic driving force has
been taken into consideration in detail. As is indicated in Figure 3d, the magnetic force was simulated
at different locations between the tilted microcoil and the magnet (from position A to position E). In the
simulation result, the maximum force was obtained at location B or F, where half of the magnet is
placed outside the tilted microcoil. It was also simulated in two coils with different thicknesses of 5 μm
and 15 μm, respectively. The results show a similar changing trend.

Next, the magnetic force with an increasing number of turns (ranging from 10 to 40) and tilt-angles
of 30◦, 40◦ and 60◦ was also simulated, as shown in Figure 4. The magnetic force induced by 10 turns
is very small, because the magnet is inadequately magnetized. A large magnetic force was obtained in
the 60◦ tilt-angle microcoil with 20 turns. The magnetic force generally remains constant when the
turns are equal to or more than 20. This indicates that the magnet will be magnetized to saturation in
the tilted magnetic field when half of its volume is placed in a sufficiently long tilted microcoil, such as
20 turns. In addition, an almost identical magnetic force is produced by the tilted coils with 20, 30, and
40 turns, which is independent of turns. These results indicate that the microcoil with 60◦ tilt-angle
exerts a larger magnetic force on the magnet when the other parameters remain constant. The magnetic
force continuously changes with the different relative position between the tilted microcoil and the
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magnet, with the largest one being at the B or F position. The largest magnetic force existed for the
microcoil with 20 turns with different tilt-angles when the magnet is placed at the B position. Based on
the simulation results and our fabrication capacity, the microcoil with a 60◦ tilt-angle, 20 turns, and
80 μm coil pitch is ultimately fabricated.

Figure 4. Simulated magnetic force with increasing turns (from 10 to 40) with tilt-angle of 30◦, 45◦ and
60◦, respectively.

2.3. The Modal and Dynamic Analysis

Like all mechanical structures, this fiber scanner has its own resonant frequency, and it achieves the
largest amplitude under its resonant frequency. To obtain the resonant frequency of the fiber scanner,
modal analysis was conducted by employing commercial ANSYS finite element analysis (FEA) software
(V16.0, Ansys Inc., Canonsburg, PA, USA). The geometrical parameters and specifications of the fiber
scanner model are given in Table 1. The SOLID 45 element type was chosen, and the SWEEP method
was used to mesh the model, as shown in Figure 5a. The first three order modes and corresponding
resonant frequencies of the fiber scanner were simulated, as shown in Figure 5b–d, respectively.

Table 1. Geometric parameters and material properties for the fiber scanner model.

Components Geometric Parameters and Material Property Values

Optical fiber

Elastic Modulus Ef 1.72 GPa
Poisson ratio Rf 0.17
Density ρf 2200 Kg/m2

Length F1, F2, F3 4 mm, 3 mm, 6 mm
Diameter Df 125 μm

Magnet

Elastic Modulus Em 210 GPa
Poisson ratio Rm 0.31
Density ρm 8500 Kg/m2

Length M1 3 mm
Diameter Dm 600 μm

Lens

Elastic Modulus El 1.72 GPa
Poisson ratio Rl 0.17
Density ρl 2200 Kg/m2

Length L1 2 mm
Diameter Dl 1 mm
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Figure 5. FEA models for modal analysis. (a) Whole model for fiber scanner; (b–d) presented structure
deformation and frequency of the first three order resonant modes.

3. Fabrication of Tilted Microcoil

3.1. Exposure System

The cylindrical projection lithography system was described in detail in our previous work [12],
and its basic setup is shown in Figure 6. The only difference is that the effective exposure area is
improved from the previous <20 mm diameter to the present >30 mm diameter circular area, which
allows the fabrication of a sufficiently long tilted microcoil with turns of up to 50 in a short time. This
exposure equipment mainly consists of three parts: (a) a programmable lithography system with x,
y, z, θ-stage controller, (b) a programmed control stage with alignment system, and (c) a uniform
illumination system.

 

Figure 6. Programmable UV lithography system with alignment for cylindrical substrate:
(a) programmable lithography system x, y, z, θ-stage controller; (b) Charge Coupled Device (CCD) camera
alignment system; (c) Uniform illumination system; (d) Close-up schematic diagram of fabricated sample.
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First of all, all the optical elements of the exposure equipment were aligned by a He-Ne laser,
after that, the UV light from the illumination source passed through all the aligned optical elements,
and the projection of the mask was focused on the surface of the photoresist-coated capillary substrate.
Additionally, there are two CCD cameras; one is utilized for observing and adjusting the substrate in
order to achieve a stable rotation, the other is used for observation of the alignment state. The substrate
and mask were able rotate and move during the whole exposure process. The projection of the
mask was able to scan along and around the substrate. Finally, the microcoil pattern was successfully
transferred onto the surface of capillary substrate. As a result, the tilted microcoil could be fabricated by
rotating the photoresist-coated polyimide capillary, and moving the projection of the mask, as shown
in Figure 6d.

3.2. Fabrication Process

The main fabrication process for the tilted microcoil is shown in Figure 7. At the beginning,
a polyimide capillary was sputtered with a 120 nm Cr coating and a 30 nm Au coating. In addition,
the polyimide capillary was rotating during the sputtering process to obtain a uniform thin film.
This process not only saves time, but also achieves a uniform thickness for the sputtering coating film.
This is beneficial to controlling etching time. Next, in order to increase the adhesive force between the
Cr and Au layers, a thermal treatment process was employed at 200 ◦C for 20 min after sputtering.
After that, photoresist was coated onto the surface of the samples using the spray-coating system that
was developed for preparing thin uniform resist coating on cylindrical substrates [13]. The surface
treatment process using a UV ozone treatment unit was carried out before the spray coating.

Figure 7. Main fabrication process of the tilted microcoil.

The two ends of the sample can be fixed by two clips mounted on the two motors, which can
be driven synchronously at a certain rotation speed using the control panel during the spray-coating
process. A heater nozzle is mounted next to the spray nozzle to realize real-time heating treatment,
which is necessarily employed to obtain a smooth surface without pinholes. Without real-time heating
treatment, there are some pinholes on the prepared coating, wavelike surface morphology is also visible,
as was verified in our previous research [13]. Some major parameters of the spray-coating process can
be independently controlled and programmed, such as the distance between the spray nozzle and the
substrate, rotation speed of the sample, scan speed of the spray nozzle, spray cycles, and so on. Here,
the distance between the spray nozzle and the substrate is 56 mm. A better surface with few pinholes
and particles can be obtained at this distance. Shipley S1830 positive photoresist (Shipley Co. LLC,
Marlborough, MA, USA) was employed as the spray-coating photoresist. The solvent was AZ5200
thinner (AZ electronic materials, Luxembourg), which consists of propylene glycol monomethyl ether
acetate (PGMEA), i.e., a common solvent for the direct spraying-coating process. Finally, a 4 μm
thickness of the photoresist coating was sprayed onto the circumferential surface of the sample.
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For the lithography process, firstly, the sample was loaded on the cylindrical projection exposure
equipment, and then it was fixed tightly by two clamps mounted on the two synchronously driven
rotation stages. Next, the sample was adjusted so as to remain level and the control program, compiled
in advance, was loaded into a personal computer. Finally, the sample was exposed by UV light with
the shutter open. A tilted microcoil pattern of the photoresist was realized by controlling the rotation
speed of the substrate and the linear movement speed of the mask. After exposure and development
of the photoresist, the Cr and Au coatings were etched by wet etching. On the basis of the thickness
of the coating and the etch rates, the sample was immersed in the Au etching liquid for 25 s, and
then put into the Cr etching liquid for 1 min. Next, the photoresist was removed in acetone. Finally,
the copper was electroplated on the Au seed-layer of the coil pattern by mask-less electroplating
process. The electroplating resolution developed by our lab and Meltex Inc., Japan was employed,
in which a kind of novel additive was used to obtain a high quality of electroplated film [14].

4. Characterization

4.1. Characteristics of Tilted Microcoil Patterns

The main parameter dimensions of the designed tilted microcoil pattern are decided by the
lithography process. Two kinds of masks were used for patterning the tilted microcoil in the exposure
process. These are one-line pattern mask and multi-line pattern mask. To save exposure time, multi-line
pattern mask is the best selection, where there are 20 lines in the mask, each of which is 40 × 170 μm2,
and the spacing between lines is 180 μm and 310 μm for 45◦ and 60◦ tilt-angles, respectively, as shown
in Figure 8a.

 

. 

Figure 8. Mask pattern and tilt microcoil pattern. (a) Mask pattern with multi-lines; (b) Optical image of
fabricated microcoil with 45◦ tilt-angle; (c) Optical image of the fabricated microcoil with 60◦ tilt-angle;
(d) Photography of 20 turn microcoil with 60◦ tilt-angle fabricated on the 1 mm diameter ployimide
capillary substrate.
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According to our design and calculations, the spacings 180 μm and 310 μm are the critical distances
for using 40 × 170 μm2 lines to fabricate 45◦ tilt-angle and 60◦ tilt-angle microcoils, respectively, while
avoiding overlap exposure. The tilted microcoil pattern can be realized by controlling the rotation
speed of the substrate and the linear movement speed of the mask synchronously, as mentioned above.
The distances of linear movement can be decided according to the tilt-angle, are are 3180 μm and
5444 μm for 45◦ tilt-angle and 60◦ tilt-angle microcoils, respectively. The exposure time is selected
based on the size of the line pattern. In our experiment, 10 min, 20 min, 30 min, 40 min and 50 min
were attempted successively. For the mask with a 40 × 170 μm2 line pattern, 40 min exposure time was
sufficient for our designed microcoils. The rotation speed of the substrate and the movement speed
of the mask are also closely related to the exposure time, and can be calculated and evaluated based
on the exposure time. Mask movement is separated into two parts: forward movement, for 0◦–180◦

rotation of the substrate; and backward movement, for 180◦–360◦ rotation. The distance of forward
movement is 3180 μm for 45◦ tilt-angle microcoils and 5444 μm for 60◦ tilt-angle microcoils. However,
to obtain a continuous coil line, the distance for backward movement is 3000 μm for 45◦ tilt-angle
microcoils and 5134 μm for 60◦ tilt-angle microcoils, when considering the subtraction between
movement distance and line spacing on the mask. The rotation speed and movement speed are
decided as follows: forward movement speed, backward movement speed and rotation speed for the
45◦ tilt-angle microcoil are approximately 2.65 μm/s, 2.50 μm/s and 0.15 deg/s, respectively. Forward
movement speed, backward movement speed and rotation speed for the 60◦ tilt-angle microcoil are
approximately 4.54 μm/s, 4.28 μm/s and 0.15 deg/s, respectively.

A representative optical image of the photoresist pattern of the microcoil with 45◦ tilt-angle
fabricated on the polyimide capillary by the cylindrical projection lithography technique is shown in
Figure 8b. The photoresist pattern of microcoil with a tilt-angle of 45◦ was patterned with 10 ± 0.2 μm
coil width, 78.5 ± 0.5 μm coil pitch and 20 turns. In addition, the photoresist pattern microcoil with
tilt-angle 60◦ was also successfully patterned with 10 ± 0.2 μm coil width, 81.5 ± 0.5 μm coil pitch
and 20 turns, as shown in Figure 8c. A photograph of the 20 turn microcoil with 60◦ tilt-angle on the
1 mm diameter polyimide capillary after Au etching, Cr etching and photoresist removal is presented
in Figure 8d.

4.2. Characteristics of Electroplated Tilted Microcoil

The SEMs of the electroplated copper microcoil are shown in Figure 9a. Copper electroplating
would be produced directly on the Au coil line used as the seed layer without photoresist mold.
In addition, the Cu coil line grows along the Au coil line vertically, and slightly expands both sides
during the electroplating. In our case, the Cu coil line width finally increases to 40 μm, and the
thickness grows to 15 μm based on a 10 μm Au coil line. The microcoil with a tilt-angle of 60◦,
line width of 40 μm, and thickness of 15 μm was successfully obtained, as shown in Figure 9b,c.

 

Figure 9. Cont.
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Figure 9. SEMs of the electroplated tilted microcoil. (a) Intact coil; (b) line width and spacing;
(c) thickness of Cu microcoil.

5. Conclusions

We proposed an ultra-thin single-fiber scanner that is electromagnetically driven by tilted
microcoils. It can be fabricated by a specific MEMS process. The parameters of the tilted microcoil were
designated as 60◦ tilt-angle, 80 μm coil pitch, and 20 turns based on the simulation and optimization
results for magnetic force. The modal response of the designed scanner was simulated. The tilted
microcoils were fabricated on a polyimide capillary surface by the developed MEMS-based fabrication
process. The process includes spray coating, cylindrical projection lithography, and mask-less
electroplating micromachining. In particular, the photoresist pattern of the microcoil has been obtained
successfully and with high resolution using this lithography method. The dimensions of the two
fabricated tilted microcoils were as follows: 45◦ tilt-angle, 10 μm ± 0.2 μm line width, 78.5 ± 0.5 μm
coil pitch and 20 turns; and 65◦ tilt-angle, 10 μm ± 0.2 line width, 81.5 ± 0.5 μm coil pitch and 20 turns.
Finally, a direct mask-less electroplating process was used to obtain a 15 μm thick copper microcoil.
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