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Abstract: Endoscopes are used routinely in modern medicine for in-vivo imaging of luminal organs. 
Technical advances in the micro-electro-mechanical system (MEMS) and optical fields have enabled 
the further miniaturization of endoscopes, resulting in the ability to image previously inaccessible 
small-caliber luminal organs, enabling the early detection of lesions and other abnormalities in these 
tissues. The development of scanning fiber endoscopes supports the fabrication of small cantilever-
based imaging devices without compromising the image resolution. The size of an endoscope is 
highly dependent on the actuation and scanning method used to illuminate the target image area. 
Different actuation methods used in the design of small-sized cantilever-based endoscopes are re-
viewed in this paper along with their working principles, advantages and disadvantages, generated 
scanning patterns, and applications. 
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1. Introduction 
An endoscope is an imaging device made up of a long and thin tube that can be 

inserted into the hollow openings of the body to image the inner sections in real time and 
in a less invasive manner. Advances in fiber optic systems led to the development of flex-
ible endoscopes, enabling high-resolution images of narrow sections of the body and re-
ducing the number of biopsies required for a specific diagnosis, with applications such as 
cancer detection, microvascular oxygen tension measurement, chronic mesenteric ische-
mia, subcellular molecular interactions, etc. Earlier developed standard white light endo-
scopes (WLEs) had limited ability to differentiate metaplasia from dysplasia. Such limita-
tions were surpassed by enhancing the image contrast through the use of dyes in chro-
moendoscopy or applying digital filters in narrow band imaging (NBI) [1,2]. The in-
creased use of endoscopic devices highly improved the diagnostic rate of cancers by per-
mitting the visualization of early dysplasias which may lead to cancer development [1]. 
Cancer is the second leading cause of death in the world. Approximately one out of every 
six deaths are due to cancer, killing 9.6 million individuals worldwide in 2018 [3]. It has 
been observed that early detection has significantly improved life expectancy and re-
duced the mortality rate by 30–40% over the last two decades [4]. 

One of the recently advanced imaging devices was based on confocal laser endos-
copy (CLE). Two variations of CLE that are used commercially in medical applications 
are the so-called e-CLE, which is an integrated confocal endoscope developed by Pentax 
Medical (Tokyo, Japan), and the probe-based confocal microscope (p-CLE) developed by 
Mauna Kea Technologies (Paris, France) [5]. Optical coherence tomography (OCT) is an-
other frequently used technique to image tissue, where a change in the refractive index of 
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the scattering coefficient alters the intensity of the backscattered light and is used to pro-
vide contrast in the image [6]. Photoacoustic (PA) imaging is another imaging technology 
that images a tissue surface using short pulsed light waves and detects the ultrasonic 
waves generated from the optical absorption. It integrates the benefits of high contrast in 
optical imaging and deep penetration of the ultrasonic imaging [7]. On the basis of imag-
ing depth, PA imaging can be classified into PA microscopy (penetration depth < 10 mm), 
PA computed tomography (penetration depth between 10 and 100 mm), and minimally 
invasive PA imaging (penetration depth ≥ 100 mm) [8]. In addition to these techniques, 
there is visible light spectroscopy (VLS), where the tissue surface is exposed to visible light 
and the absorbance spectrum provides structural and functional information about the 
tissue. This technique is largely used to monitor the microvascular hemoglobin oxygen 
saturation, which can be further used to evaluate local ischemia situations by measuring 
the difference between oxygenated and deoxygenated hemoglobin [9,10]. 

The advancement in optics along with the development of micro-electro-mechanical 
systems (MEMS) and microfabrication techniques led to the fabrication of sub-millimeter-
sized flexible endoscopes that can image the narrow cavities in the body, providing infor-
mation about early-stage pre-cancerous tissues. The optimized final design of an endo-
scope is often the result of an optical design optimized using special software-based com-
puter simulations [11]. The rapid evolvement of the software and fabrication technologies 
enabled endoscopes to capture the tissue images in three-dimensional space, providing in 
depth information about the target surface as well [12]. Most of the preliminary video 
endoscopes used coherent optical fiber bundles (CFBs) to transport light from a light 
source, such as a xenon lamp or a laser light, to the imaged surface and used charge-cou-
pled devices (CCDs) to image the tissue surface [13]. Those CCD devices contained ap-
proximately 200,000 pixels, which provided limited resolution of the image [2]. The image 
resolution and optical magnification in newly developed endoscopes was enhanced using 
complementary metal oxide semiconductor (CMOS) chips, which provided images with 
over 1.3 MPixels of diffraction-limited resolution [14]. However, a minimum center-to-
center distance between the optical fibers in a CFB and the honeycomb effect produced by 
the non-imaging area between fibers still limited the resolution in devices having a diam-
eter smaller than 3 mm, independently of the imaging chip used [15]. 

It is possible to obtain high-spatial-resolution images with flexible endoscopes hav-
ing sub-millimeter diameters by scanning the laser light at the proximal end and capturing 
the image on a temporal basis, i.e., acquiring one pixel at a time. Seibel et al. from the 
University of Washington developed such a cantilever-based scanning fiber endoscope 
(SFE), where a single-mode fiber was excited at resonance to scan the light beam on the 
target area, and an outer ring of optical fibers captured the backscattered light [16]. Since 
that development, a large number of cantilever-based imaging devices have been fabri-
cated, which will be discussed later in the paper. In such devices, the tip displacement of 
an optical fiber acting as a cantilever beam dictates the field of view (FOV) and the reso-
lution of the obtained image. Scanning and actuation techniques used to excite a cantilever 
beam play a critical role in the performance of such a scanning device. In addition, the 
small size and the distortion-free imaging requirements need to be considered during the 
design of an endoscopic device for medical purposes as the size of an imaging probe sets 
the targeted imageable area, and the motion of organs can lead to the generation of arti-
facts in the image. 

A large number of state-of-the-art reviews on endoscopic imaging devices are avail-
able in the literature which are mainly focused on different imaging modalities. The re-
view work in [17] provided a general description of confocal microscopy, OCT, and two-
photon imaging modalities. Similarly, the review work in [18] investigated various imag-
ing modalities with some information on their actuation mechanisms. The previous work 
[6] and the review article by Hwang et al. in [19] provided a general description of various 
endoscopic imaging technologies, modalities, packaging/scanning configurations, and ac-
tuation mechanisms. However, a detailed review of the different actuation mechanisms 
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used in fiber optic endoscopic scanners has not been provided previously. For this reason, 
the scanning and actuation techniques used in the recently developed cantilever-based 
fiber optic scanners for medical purposes are described in this paper in detail. In the cur-
rent review, the mathematical models and applications of MEMS actuators in fiber optic 
cantilever-based scanners are reported to provide information about the underlying 
working physics of these devices and can provide a foundation for the development of 
miniaturized and more efficient MEMS scanners. 

The paper is organized as follows: Section 2 provides an overview of the optical com-
ponents used in endoscopic devices. Scanning techniques used in such small-sized de-
vices are described in Section 3. Section 4 describes the various actuation methods used to 
excite the miniaturized optical cantilever beams in detail. A discussion and conclusions 
about available cantilever-based scanning devices are reported in Sections 5 and 6, respec-
tively. 

2. Overview of Optical Components Used in Endoscopes 
The key element used in cantilever-based endoscopic devices is an optical fiber acting 

as a waveguide through which light is transmitted using the principle of total internal 
reflection at the interface of two different dielectric media. The inner cylindrical portion 
is called the core, while the outer region is named the cladding. Both materials are char-
acterized by a slight change in refractive index; it is from this that the name of step-index 
fibers comes. There are different classifications of optical fibers available based on nor-
malized wave number V, defined as: 𝑉 = (2𝜋𝑎𝑁𝐴)/𝜆 (1)

where a is the core radius, λ is the wavelength of the light, and NA is the numerical aper-
ture of the fiber [20]. NA is calculated from the refractive index of the core and cladding 
material of the fiber as [20]: 𝑁𝐴 = 𝑛 − 𝑛  (2)

The V-parameter determines the number of spatial modes of the electromagnetic 
wave that can propagate within the fiber. An optical fiber is defined as a single mode fiber 
(SMF) if V < 2.405. 

For a large V-parameter, the total number of allowed modes N through the fiber can 
be approximated as [20]: 𝑁 ≈ 𝑉 /2 (3)

Such fibers are called multimode fibers (MMF). 
Other than simple step-index fibers, there are other fibers having different refractive 

index profiles with radius and they are increasingly finding use in communication fields 
to avoid the dispersion of optical waves during propagation. Among these fibers, the most 
commonly used ones are fibers having a double-step-shaped profile or a nearly parabolic 
variation of index designated double-clad fibers (DCF) and gradient-index (GRIN) fibers, 
respectively. In GRIN fibers, light propagates due to the profile of the refractive index 
instead of the total internal reflection and follows a sinusoidal path [20]. 

Different kinds of optical imaging modalities used in endoscopic imaging devices are 
described in detail in this section. These technologies are compared with a CCD/CMOS 
camera in Table 1. Following the definitions in [15], pixel density for the CFB, CCD, and 
CMOS technologies is the number of imaging elements (pixels or fibers) per square milli-
meter that can be achieved in practice, while image resolution is the number of these ele-
ments in a 1mm diameter. Pixel density and image resolution for SFE assume a single-
mode fiber and are based on specific sampling considerations [15]. 

Table 1. Comparison between system performances of imaging technologies used in endoscopes. 
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 Pixel Density 
(Pixels/mm2) 

Image Resolu-
tion (Pixels) Pixel Size Advantages Disadvantages 

CFB 113 k 30.0 k/64.0 k 2 µm Ø 
Small form factor, low 

cost 

Cross-coupling and honeycomb effect de-
grade image resolution Aging effect results 

in non-working pixels due to fractured fibers 
within the bundle 

CCD 238 k 95.0 k 0.5 µm × 0.5 µm 
Small pixel size, low 
cost, no aging effect 

Rectangular geometry limits the usable area, 
low dynamic range, poor light collection in 

low illumination area 

CMOS 476 k 190 k 1.45 µm × 1.45 µm 
Higher image resolution, 

low cost 

Rectangular geometry limits the usable area, 
poor resolution in devices with diameter < 1 

mm 

SFE 345 k 282 k 
Dependent on 

scanning pattern 
and sampling rate 

Higher sampling rate 
and resolution in sub-

millimeter-sized devices 

Performance dependent on actuation method 
and sampling rate. Spatial point spread de-
pendent on objective lens at the tip and illu-

mination properties. 

2.1. Fiber Bundles in Endoscopes 
Fiber bundles comprise thousands of step-index (or GRIN) fibers contained within a 

very small area, ranging from a few micrometers to millimeters in range. A fiber bundle 
is used to carry the illumination light from the proximal end to the distal end, and vice 
versa, of a device. In a coherent fiber bundle, fibers at both ends are placed at the same 
relative position, so that the image is transmitted from one end to the other without any 
distortion. In miniaturized scanners, a coherent fiber bundle is predominantly used due 
to the perfect alignment of fibers, which facilitates the decoding of the signal [21]. As the 
light intensity information is transmitted from one end of the fiber bundle to the other, it 
is possible to place the scanning mechanism at the proximal end of the device, which is a 
major advantage of such devices. 

Every core of the step-index fiber in the bundle acts as a pixel of the imaged data. 
Thus, the resolution of the image captured using a fiber bundle depends on the core size 
of the fiber and the core-to-core distance between the fibers [22]. For a coherent fiber bun-
dle with the core separation distance among adjacent fibers represented by Δcore, the cross-
sectional core density or pixel density is given by [15]: 𝐶𝑜𝑟𝑒 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 = 2√3 1∆  (4)

From the core density and the active area covered by the fibers Acfb, neglecting the 
space occupied by outer protective jacket and sheath, the image resolution can be obtained 
as [15]: 𝐼𝑚𝑎𝑔𝑒 𝑟𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 = 𝑐𝑜𝑟𝑒 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 ∗ 𝐴  (5)

This equation indicates a major drawback of using fiber bundles for miniaturized 
devices as the resolution will be poor due to the honeycomb effect generated by the space 
between the consecutive fiber cores representing the non-imaged area [15]. 

Another disadvantage of using fiber bundles is the crosstalk phenomenon. The clad-
ding of the step-index fibers constituting the bundle is rendered to a thin layer around the 
core during the fabrication of a flexible fiber bundle. A very thin cladding surface enables 
the leakage of the light as it travels through the core, reducing the contrast and the reso-
lution of the image generated. It is possible to reduce the effect of crosstalk by increasing 
the thickness of the cladding section, enlarging contrast between the refractive indices of 
the core and cladding material, and/or by reducing the number of modes propagating 
through the fiber. However, these approaches make the device rigid, and the honeycomb 
effect will be more intensified, thus degrading the resolution [23,24]. 
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It is possible to refine the resolution of the obtained images by post-processing the 
data using certain algorithms. Using specific transformation models based on the point 
spread function of the cores of each fiber from the bundle, it is possible to smooth the light 
gradient, reducing the pixilation effect given by the honeycomb pattern [25–27]. The lim-
itation of these transformation methods to be able to improve the resolution due to under-
sampling is alleviated through the use of pixel super-resolution techniques. In such meth-
ods, the source/image probe is shifted slightly a number of times for the acquisition of 
different images, and these images are further combined to enhance the resolution of the 
image [28]. 

In endoscopes that use fiber bundles, a pair of mirrors placed at the proximal end of 
the device permit the illumination of a single fiber from the bundle at a time. The fast-axis 
scanning (axis with high scanning frequency) is performed using the resonant scanner 
(mirror surface vibrated at resonance using one of the actuators described later in the pa-
per), while a galvo scanner (optical mirror scanned using a galvanometer-based motor) is 
used for the slow-axis scanning. A schematic diagram of a confocal micro-endoscope de-
veloped using such a technique is shown in Figure 1. 

 
Figure 1. Block diagram of a confocal micro-endoscope. 

Sung et al. developed an early fiber-optic-based confocal reflectance microscope to 
image epithelial cells and tissues in real time, showing the cell morphology and tissue 
architecture without the use of any fluorescent stains. The image guide contained 30,000 
fibers and the device had an overall diameter of 7 mm and rigid length of 22 mm to image 
human tissue with a lateral and axial resolution (smallest resolvable feature) of 2 µm and 
10 µm, respectively [29]. Knittel et al. developed a similar confocal endoscope where tis-
sue images with a lateral and axial resolution of 3.1 µm and 16.6 µm, respectively, were 
obtained using a similar fiber bundle contained in a diameter of 1 mm [30]. Lane et al. 
developed a similar endoscopic probe for imaging bronchial epithelium having a diame-
ter and length of 1.27 mm and 10 mm, respectively. This probe had a lateral resolution of 
1.4 µm and an axial resolution of 16 µm–26 µm [31]. A commercially available endoscope 
based on this technique was developed by Mauna Kea Technologies [32,33]. 

2.2. Single Fiber Endoscopy 
A single-mode fiber (SMF), characterized by having a step-shaped index of refraction 

change from the core of the fiber to the cladding surface, permits the propagation of only 
one mode of light through the fiber. A single spatial mode enables a diffraction-limited 
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spot to be projected on the sample plane, resulting in a high-resolution image with the use 
of an SMF. Due to this property and high flexibility, such fibers find use in miniaturized 
optical scanners. 

An SMF may find a use in a scanning fiber optic microscope, acting as a spatial filter 
[34] or as a pinhole detector [35]. The same fiber is used for laser light illumination and 
the collection of the reflected light [34]. An SMF serves as a pinhole in a confocal system 
and is used in spectrally encoded confocal microscopes [36,37]. By moving the fiber in a 
plane perpendicular to its axis using mechanical systems or a galvanometer, it is possible 
to obtain a 2D image. 

The SFE described earlier uses an SMF vibrated in resonance to scan the light beam 
across the target tissue surface, and a peripheric ring of fibers detects the time-multiplexed 
backscattered light. In this case, the sample resolution depends on the scanning motion 
and sampling rate, which are not fixed a priori during fabrication. In an SFE, the smallest 
resolvable feature is determined by its point spread function. A wider tip displacement 
will provide a higher FOV and higher image resolution in terms of the number of pixels 
in the scanned area, as described in Table 1. 

In contrast to an SMF, a multimode fiber can transmit a large number of spatial 
modes at the same time. These fibers have core sizes much larger than the single-mode 
fibers, usually in the range of 50 µm–2000 µm. Multimode fibers can be classified into 
step-index multimode fibers and graded-index (GRIN) multimode fibers on the basis of 
the change in refractive index from the core to the cladding, which can be sharp or grad-
ual, respectively [38]. 

A multimode fiber can be considered as an alternative to a fiber bundle and supports 
the miniaturization of optical devices. As each fiber in the fiber bundle represents a pixel 
for the acquired image, each pixel can be represented by a propagating mode in the fiber. 
Thus, it is possible to increase the pixel density of a device by up to 1–2 orders of magni-
tude by replacing the fiber bundle with a multimode fiber [39]. A side-viewing endoscopic 
probe for PA and ultrasound (US) imaging is developed using an MMF to deliver laser 
pulses to the target tissue, and a coaxial US transducer detects the PA and US echo signals. 
The light and acoustic signal is deflected 45° by a scanning mirror placed at the distal end 
of the probe, which is rotated by magnets or a micromotor to provide a rotational scanning 
[40,41]. 

The main limitation of using a multimode fiber in an imaging device is modal dis-
persion, which causes multipath artifacts. Several methods have been explored to provide 
an image without image artifacts. For example, Papadopoulos et al. used a digital phase 
conjugation technique to generate a sharp focus point. In this technique, the phase of the 
distorted wavefront was calculated and an unmodulated beam of this phase was propa-
gated in a backward direction to cancel out the distortions and to generate the original 
signal [42]. Some other groups proposed wave-front shaping methods to focus the light 
passing through a multimode fiber. Even though these methods successfully focused the 
light, they required continuous recalculation of the optimal wave due to the fiber motion 
[39,42]. These methods do not work in the case of reflection mode detection of objects. In 
reflection mode imaging, the transmission matrix describing the response between the 
modes at the input and output planes can be used to overcome the distortion [39]. 

The modal dispersion effect is avoided using GRIN fibers, where the refractive index 
change along the section of the fiber equalizes the travel time of different modes. Thus, 
different spatial modes propagate at similar velocities. Sato et al. used a GRIN fiber for 
the fabrication of a single-fiber endoscope used for reflectance imaging. However, this 
device had some problems related to nonuniform image quality, background distortion, 
etc. [43]. High-quality photoacoustic images using a GRIN fiber are reported in [44], where 
the light focusing property of the GRIN fibers permitted the propagation of spatially dis-
tributed Gaussian beams through the fiber, which enhanced the focusing of the spot at the 
output. This, in turn, permitted high-resolution imaging [44]. 



Sensors 2021, 21, 251 7 of 39 
 

Double-clad fibers consisting of a central core and two outer cladding layers are an-
other type of frequently used fibers in endoscopes. These fibers possess the unique feature 
of allowing the propagation of both single-mode and multimode light through the fiber. 
The single-mode light travels through the central core, while the multimode light is trans-
mitted through the inner cladding material. Such a fiber is principally used in fluorescence 
imaging devices having single-mode illumination and multimode signal collection. Thus, 
the advantages of single-mode illumination and multimode collection are combined in 
these fibers [45–47]. 

It is possible to combine OCT and fluorescence imaging in a single endoscope using 
a DCF. In this case, OCT illumination and fluorescence excitation light is projected on the 
sample through the core of the DCF. The backscattered OCT signal is collected through 
the core, and the fluorescence emission from the sample is collected through the inner 
cladding of the fiber. The OCT source light and fluorescence excitation light are combined 
using a wavelength division multiplexer (WDM) before sending it through the core of 
DCF. The recollected light is separated using a DCF coupler, where the recollected OCT 
signal from the core of the DCF is submitted to an SMF, while the fluorescence signal from 
the inner cladding is forwarded to an MMF [48,49]. 

Buenconsejo et al. developed a device that combined narrowband reflectance, OCT, 
and autofluorescence imaging in a single-fiber endoscope using a DCF. This device 
worked analogously to other OCT devices, except for the difference that the 
red/green/blue (RGB) light was emitted from the central core, while the collection of the 
reflected light was performed through the inner cladding. The separation of the various 
light signals from three modalities was done using an additional WDM [50]. 

In a single-fiber-based micro-endoscope, the light beam can be steered at either the 
proximal or distal tip of the fiber. The possibility of using a light beam for a proximal scan 
allows the separation of large-sized beam scanning devices from the distal end of the en-
doscopic device used to monitor the target sample. Thus, it is possible to develop small-
sized endoscopic devices that can image the deep tissue systems within the body. Proxi-
mal scanning is usually performed using side-viewing imaging probes, where a drive 
mechanism rotates the fiber to scan the light beam along the circumference of the target 
sample [51]. On the other hand, distal scanning is preferentially used in cantilever-based 
single-fiber endoscopes where the fiber tip is displaced mechanically using a variety of 
actuators. Usually, the fibers are excited at resonance to obtain high tip displacements 
using piezoelectric [52–60], electrostatic [61,62], electromagnetic [63,64], electrothermal 
[65–67], micromotor mirror [68–70], or shape memory alloy [71] actuators. The working 
principle of these actuators will be discussed in detail later in the paper. Pan et al. devel-
oped a fiber optic scanner where the beam was steered at the distal end using a pair of 
micromirrors [72]. The only commercially available single-fiber endoscope was developed 
by Pentax to image the upper and lower gastrointestinal (GI) tract. The optical scheme of 
this device is shown in Figure 2a [73]. In this case, the confocal images showing the sub-
cellular and cellular structures of the upper and lower GI tract are imaged after the ad-
ministration of the contrast agent. An in-vivo confocal image of rectal mucosa in human colon 
collected using the Pentax endoscope is shown in Figure 2b, where crypt lumens can be clearly 
identified [73]. 
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(a) 

 
(b) 

Figure 2. Fluorescence confocal imaging developed by Pentax: (a) schematic design of the micro-
endoscope; (b) an en face image of rectal mucosa showing the crypt lumens (taken with the per-
mission of [73]). 

2.3. Graded-Index (GRIN) Lens Scanner 
In lens scanners, light is deflected due to a non-planar interface between the air and 

the lens. The lateral motion of the lens perpendicular to the direction of the incident beam 
in these scanners causes variation in the refraction angle, allowing light scanning. 

Wu et al. developed a paired-angle rotating scanning OCT (PARS-OCT) probe to im-
age the gill structure of a Xenopus laevis tadpole, where the beam steering the distal end 
of the probe was obtained by the rotary motion of the two angle polished GRIN lenses. A 
schematic diagram of this system is shown in Figure 3 [74]. The OCT images of the gill 
structure of a tadpole obtained using this device are shown in Figure 4. The photograph 
of an OCT probe relative to the tadpole is shown in Figure 4a, while the OCT images in 
Figure 4b,c enable to clearly identify the gill pockets [74]. Sarunic et al. integrated a gear-
based linear scan mechanism with the PARS-OCT device to control the rotational speed 
of inner and outer GRIN lenses. They were able to identify vitreous, retina, and choroid 
surfaces in the OCT images of an ex vivo porcine retina [75]. 
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Figure 3. Schematic diagram of a PARS-OCT probe: (a) distal tip; (b) circular motion generation by 
rotating just one lens; (c) linear scan by rotation of both lenses (taken with permission of [74]) © 
The Optical Society. 

 
(a) (b) (c) 

Figure 4. Endoscopic OCT image of the gill structure of a tadpole: (a) photograph of probe relative 
to the tadpole; (b, c) OCT images showing gill pockets indicated with g (taken with the permission 
of [74]). © The Optical Society. 

3. Cantilever Beam Mechanics 
In small cantilevered optical scanners, the image is obtained by scanning the light 

beam at the distal end of the device, as stated earlier. In most of the earlier endoscopes 
using CFBs to transport the light to the tissue surface, the beam is scanned using micro-
mirrors placed at the proximal end of the device. In these so-called proximal scanners, the 
large-dimensioned scanning components can be separated from the distal end of the en-
doscopic device. Thus, it is possible to fabricate very compact-sized scanning devices. 
However, as the beam sweeps light across the CFB, a portion of the light enters through 
the cladding of the fibers as well, which results in poor contrast in the image. On the other 
hand, the scanning device is placed at the distal end of the endoscopic scanner to illumi-
nate the light on the target sample in distal scanners. These single-fiber-based endoscopes 
require distal scanning to sweep the light across the target sample [24]. 

Among the distal scanners, it is possible to have two different configurations of de-
vices based on the scanning direction [6]. In a side-view imaging device, the light from the 
fiber tip is deflected at a certain angle with the help of reflecting mirrors, or prisms. Such 
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imaging devices provide circumferential images of the target surface, and 2-D cylindrical 
images can be obtained by moving the device along its axis [76]. However, in the forward-
view imaging devices, the laser light is laterally scanned using special actuators and pro-
vides the image of the tissue surface at the front of the device [77]. 

The cantilever-based endoscopic scanners belong to the category of forward-view 
imaging devices. In such devices, an optical fiber is fixed at a distance of a few millimeters 
from its distal end. The free end of the fiber acts as a cantilever beam, which is vibrated, 
using certain actuators described later in the paper, to illuminate the target tissue area. 
The backscattered reflected light is used to reconstruct the image of the area using certain 
image processing algorithms. These cantilevered optical fibers can be vibrated in reso-
nance, or at a frequency different from their resonant frequency. 

Almost all the cantilevered-fiber optic endoscopes can be considered as cylindrical-
shaped beams. The first resonant frequency (also called natural frequency) of a cylindri-
cal-shaped cantilevered beam (where one side is rigidly blocked for any movement and 
the other end is free to move) is given by: 

𝑓 = 1.8754𝜋 𝐸𝜌 𝑅𝐿  (6)

with E, ρ, R, and L being the Young’s modulus, density, radius, and length of the cantile-
ver beam, respectively [78]. From this equation, the driving frequency in resonant scan-
ners depends on the inherent properties and dimensions of the optical fiber acting as the 
cantilever beam. In nearly all such scanners, the fiber is a standard 125 µm diameter fiber. 
Thus, the resonant and driving frequencies can be adjusted by changing the length of the 
cantilevered section. 

The deflection of a cantilevered beam in the transverse direction can be obtained con-
sidering the Euler–Bernoulli beam. The Euler–Bernoulli beam theory describes the rela-
tionship between the beam deflection w(x,t) and the applied load f(x,t), assuming small 
deformations in the beam such that the planes perpendicular to the x-y axis do not bend 
after the deformation. The equation describing the deflection w(x,t) of the beam in the y 
direction, in time (t) and along the length (x), can be derived considering the force and 
moment equilibrium of an infinitesimal element dx of the beam as in Figure 5. The equi-
librium of forces in the y direction yields: 

𝑉(𝑥, 𝑡) + 𝜕𝑉(𝑥, 𝑡)𝜕𝑥 𝑑𝑥 − 𝑉(𝑥, 𝑡) + 𝑓(𝑥, 𝑡)𝑑𝑥 = 𝜌𝐴(𝑥)𝑑𝑥 𝜕 𝑤(𝑥, 𝑡)𝜕𝑡  (7)

where V(x,t) is the shear force and f(x,t) the total applied external force per unit length, 
while the term on the right-hand side describes the inertial force of the element, with A(x) 
being the cross-section of the beam. Similarly, the equilibrium of moment acting on the 
element can be written as: 

𝑀(𝑥, 𝑡) + 𝜕𝑀(𝑥, 𝑡)𝜕𝑥 𝑑𝑥 − 𝑀(𝑥, 𝑡) + 𝑉(𝑥, 𝑡) + 𝜕𝑉(𝑥, 𝑡)𝜕𝑥 𝑑𝑥 𝑑𝑥 + 𝑓(𝑥, 𝑡)𝑑𝑥 𝑑𝑥2 = 0 (8)

with M(x,t) being the bending moment related to beam deflection w(x,t) and flexural stiff-
ness EI(x) of the cantilever beam, where E is the Young’s modulus, and I(x) is the cross-
sectional area moment of inertia [78]. M(x,t) is given by: 

𝑀(𝑥, 𝑡) = 𝐸𝐼(𝑥) 𝜕2𝑤(𝑥, 𝑡)𝜕𝑥2  (9)
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Figure 5. Euler–Bernoulli beam and a free body diagram of an element of the beam. 

Simplifying and neglecting higher order terms in Equation (8), and combining it with 
(7) and (9), gives: 𝜌𝐴(𝑥) 𝜕 𝑤(𝑥, 𝑡)𝜕𝑡 + 𝜕𝜕𝑥 𝐸𝐼(𝑥) 𝜕 𝑤(𝑥, 𝑡)𝜕𝑥 = 𝑓(𝑥, 𝑡) (10)

The beam deformation under free vibration can be attained by considering f(x,t) = 0. 
For beams with a uniform cross-section, Equation (10) can be further simplified by having 
A(x) = A, and I(x) = I. Thus, 𝜕 𝑤(𝑥, 𝑡)𝜕𝑡 + 𝐸𝐼𝜌𝐴 𝜕 𝑤(𝑥, 𝑡)𝜕𝑥 = 0 (11)

The beam deflection can be solved using this equation with four boundary conditions 
and two initial conditions. The initial conditions are the specified initial deflection 𝑤 (𝑥)  
and velocity 𝜔 (𝑥) profiles causing the motion: 𝑤(𝑥, 0) = 𝑤 (𝑥)          𝑎𝑛𝑑         𝑤 (𝑥, 0) = 𝜔 (𝑥) (12)

For a cantilever beam, the boundary conditions are the zero bending moment and 
the shear force at the free end, and no deflection and slope at the fixed end. In other words, 𝑤(0, 𝑡) = 0 (13)𝜕𝑤(0, 𝑡)𝜕𝑥 = 0 (14)

𝐸𝐼 𝜕 𝑤(0, 𝑡)𝜕𝑥 = 0 (15)𝜕𝜕𝑥 𝐸𝐼 𝜕 𝑤(0, 𝑡)𝜕𝑥 = 0 (16)

Equation (11) can be solved by separating variables as in w(x,t) = X(x)T(t). This ap-
proach permits the separation of Equation (11) into two sub-equations, which can be 
solved separately to yield temporal and spatial results. The total solution can be obtained 
by combining the two results. As stated above, the temporal solution depends upon the 
initial conditions, which vary from case to case. Given the boundary conditions, the spatial 
part yields: 𝑋(𝑥) = 𝑐𝑜𝑠ℎ(𝛽 𝑥) + 𝑐𝑜𝑠(𝛽 𝑥) + 𝜎 𝑠𝑖𝑛ℎ(𝛽 𝑥) + 𝑠𝑖𝑛 (𝛽 𝑥)  (17)
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where 𝛽  and 𝜎  are the coefficients depending on the mode considered. For the first 
resonant mode, 𝛽 𝑙 is 1.875, while 𝜎  is 0.7341 [78]. The first mode shape of a cantile-
vered beam actuated at resonance is shown in Figure 6 along with the beam in an initial 
state. 

 
Figure 6. Deformation of a cantilever beam at resonance. 

3.1. Resonantly Actuated Scanners 
In scanning fiber endoscopes, cantilevered fibers are usually excited at resonance to 

scan the light beam. The main advantage of using the driving frequency equal to the res-
onant frequency consists in obtaining a higher tip displacement of the free end of the fiber, 
which results in high-resolution images (higher number of pixels in the FOV). It is possible 
to excite the cantilevered fiber using a variety of micro-actuators, such as piezoelectric 
[51,79–81], electromagnetic [82–84], electrothermal [85–87], shape memory alloys [88], or 
electroactive ionic polymer [89] actuators. The distal end of the fiber follows the mode 
shape shown in Figure 6. Each actuation method is better suited for the excitation fre-
quency in certain ranges based on their working principle, which will be described in de-
tail later in the paper. Various resonant scanners in the literature are compared in [90]. 

Depending upon the actuation technique used to excite the cantilever beam, it is pos-
sible to observe the development of 2D motion of the fiber tip by exciting the fiber along 
one direction. The so-called whirling motion, causing the fiber tip to follow an elliptical-
shaped pattern instead of its linear motion, is caused by the cross-coupling of the motion 
between the planes perpendicular to the beam axes. It is possible to obtain a stable whirl-
ing motion within a small frequency range [91,92]. The cross-coupling motion can be 
avoided by exciting the cantilever beam along certain eigendirections [93]. On the other 
hand, Wu et al. developed a fiber optic scanner able to obtain 2D scanning using nonlinear 
cross-couplings [94]. 

3.2. Non-Resonantly Actuated Scanner 
Some actuation methods such as electrothermal actuators are unable to generate mo-

tion at very high frequency. It is difficult to generate resonant scanners characterized with 
a low resonant frequency as they require long and slender beams, compromising their 
mechanical stability. In addition, the fiber tip displacement occurs symmetrically to the 
optical axis and is difficult to offset in resonant scanners. In such cases, the cantilevered 
optical fibers are excited at a frequency different from their resonant frequency. Even 
though there is less tip displacement for a given excitation power, it is possible to achieve 
beam scanning at low frequency and offset the center of the scan by adding a bias voltage 
[90]. 

In such scanners, the deflection of the distal tip of the fiber (𝛿 ) is related to the 
displacement of the actuator exciting the vibration (𝛿 ) by: 
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𝛿 = 𝛿 1 + 3(1 − 𝑎)2𝑎 + 𝑞𝑔𝐿8𝐸𝐼  (18)

with L, a, q, E, I, g being the length of the cantilevered portion of the fiber, length ratio of 
the fixed end, mass per unit length of the fiber, Young’s modulus, the moment of the in-
ertia of the fiber, and acceleration of the gravity, respectively [95]. 

Zhang et al. proposed a similar scanner where a 45-mm-long fiber was electrother-
mally actuated using a micro-electro-mechanical (MEMS) actuator operating at no more 
than 6 V [95]. A similar scanner was developed by Park et al., where a 40-mm-long fiber, 
used as an endoscopic OCT probe, was actuated using a 3 V power source [96]. Some 
researchers were able to develop cantilevered scanners working at a frequency not too far 
from their resonance frequency. In such semi-resonant scanners, the fiber tip provided an 
intermediate displacement, and no nonlinear whirling effects were present. Moon et al. 
developed an OCT probe where the cantilever scanner was excited at 63 Hz using a piezo-
tube actuator [97]. 

4. Actuators in Cantilever-Based Endoscopic Devices 
The miniature size of MEMS devices, along with their light weight and stable perfor-

mance characteristics, makes them attractive for micro and nano applications, among 
which are endoscopic optical devices. On the basis of the working principle, MEMS actu-
ators can be subdivided into piezoelectric, electrostatic, electrothermal, electromagnetic, 
and shape memory alloy actuators. The piezoelectric actuators are widely used in endo-
scopic catheter design due to their compact size, low power consumption, and large out-
put force. On the other hand, the actuation displacement is limited in such devices. Elec-
trostatic actuators are the second most used actuation method in medical scanning devices 
due to their fast response and ease of fabrication. However, it is difficult to produce such 
devices at very small dimensions, which limits their use in systems requiring a distal ac-
tuation. Electrothermal actuators generate high actuation displacement and force, but the 
elevated working temperature and low working frequency limit their use in some cases. 
Electromagnetic and shape memory alloy actuators find limited applications in cantile-
vered fiber optic endoscopic scanners [98]. All these actuation methods are described in 
this section in great detail and compared in Table 2, where the number of ticks qualita-
tively indicates the intensity of a certain pattern [6]. 
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Table 2. Comparison between different actuation methods used in cantilevered endoscopes [6]. 

 Electrostatic Electro-Thermal Piezoelectric Electromagnetic Shape Memory 
Alloy 

Force ✓ ✓ ✓✓✓ ✓✓ ✓✓✓ 
Displace-

ment ampli-
tude 

✓✓ ✓✓✓ ✓ ✓✓✓ ✓✓ 

Compactness ✓✓✓ ✓✓✓ ✓✓ ✓ ✓✓ 
Power con-
sumption ✓✓ ✓ ✓ ✓✓✓ ✓✓✓ 
Working 
principle 

Electrostatic force Thermal expansion Piezoelectric effect Magnetization effect 
Material defor-

mation 
Motion 
range 

1D/2D 1D/2D 2D 1D 1D 

Scanning 
pattern 

Spiral Lissajous Spiral Linear Linear 

Advantages 
Fast response, low volt-
age required, easy fabri-
cation, and no hysteresis 

Large displacement, 
low operating voltage, 

small dimensions 

Large force generated, 
wide operating frequency 

range, low power con-
sumption 

Large displacement ob-
tained, quick and linear 
response, easy to control 

Flexibility, large 
frequency re-

sponse 

Disad-
vantages 

Large device dimen-
sions, pull-in problem, 

complicated circuit 

High working temper-
ature, not operable at 
very high frequencies 

Limited displacement 
Large device dimen-

sions, difficult to manu-
facture 

Low displace-
ment 

4.1. Piezoelectric Actuators 
The working principle of piezoelectric actuators is based on the so-called piezoelec-

tric effect. Piezoelectric materials have the ability to change the material polarization in 
the presence of a mechanical stress and conversely generate strain or force in the presence 
of an external electric field. Among the various crystalline, ceramic, and polymeric mate-
rials, aluminum nitride (AlN) and lead zirconate titanate (PZT) are most frequently used 
in MEMS devices [99]. Piezoelectric actuators are characterized by providing fast re-
sponse, low driving voltage, and low power consumption [100]. 

The relationship between the electric field applied to the material and the mechanical 
deformation exhibited by the material is nonlinear due to the presence of hysteresis and 
drift. For a small variation in electric field, the material behavior is almost linear and can 
be described by: 𝜀 = 𝐸𝑑 + 𝑐 𝜎 (19)

where ε is the strain tensor, E is the electric field vector, σ is the stress tensor, d is the 
piezoelectric tensor (vector of strain coefficients), and c is the elastic tensor. In the case of 
no external force, the second component on the right-hand side of Equation (19) becomes 
zero. The piezoelectric strain depends upon the direction of the mechanical and electrical 
fields [101]. 

Piezoelectric materials often show a nonlinear hysteresis behavior, which causes the 
relationship curve between the displacement exhibited by the material and the applied 
electric field to be different in ascending and descending directions. Various models have 
been proposed to describe this hysteresis phenomena. Bahadur and Mills proposed a hys-
teresis model to characterize the symmetric and asymmetric rate-dependent hysteresis. 
The output charge (q) is related to the endpoint displacement (x) and the applied voltage 
(Vp) by: 𝑞 = 𝐶 𝑉 + 𝑇 𝑥 (20)

with C0 and Tem being the capacitance of the piezoelectric element and the electromechan-
ical coupling factor, respectively [102]. 
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Normally, piezoelectric devices are restricted for 1D operation with force/displace-
ment occurring along the axis defined by the electric field. In these so-called longitudi-
nally translating piezo chips, the electric field is applied parallel to the polarization direc-
tion of the material, which causes the displacement in the same direction of the field nor-
mal to the surface of the electrodes. In shear piezo elements, the polarization is obtained 
in the direction perpendicular to the field direction. Thus, there is an orthogonal relation-
ship between the direction of the displacement and that of the electric field [103]. 

Piezoelectric actuators are available in single disc/plate and tubular configurations. 
These configurations are described below in detail. 

4.1.1. Disc Piezoelectric Actuator 
Flat disc piezoelectric actuators can be constructed using a single piezo element (uni-

morph actuators) or using two different piezo elements (bimorph actuators). In either 
case, piezo elements are connected to a base material. There is an expansion or contraction 
of the piezo material in the presence of an electric current, which provides the bending 
motion of the actuator. The schematic diagram showing the working principle of a piezo 
bending actuator is shown in Figure 7. When a positive voltage is applied to the piezoe-
lectric ceramic layer, it elongates in x direction, while the base material does not change 
its length, resulting in convex bending of actuator towards the conductive layer, as in Fig-
ure 7b. Similarly, bending in the opposite direction occurs by applying a negative voltage 
to the piezoelectric sheet. Li et al. fabricated a scanning fiber probe for an OCT endoscope, 
where an optical fiber was placed in the middle of the two piezoelectric plates with a 
common copper substrate element. The bending of the fiber tip in the vertical direction 
was obtained by exciting the two piezo elements with the same voltage, i.e., the structure 
will bend along the positive or negative directions by elongating or contracting both ele-
ments. On the other side, the motion of the tip along the horizontal axis was obtained by 
applying an opposite polarity voltage to the two elements. A two-dimensional Lissajous 
scanning pattern was obtained by the fiber tip by controlling the voltages on the two lay-
ers [57]. 

 
(a) 

 
(b) 

Figure 7. Piezoelectric bending actuator: (a) schematic diagram; (b) working principle. 

Tekpinar et al. developed a piezoelectric fiber scanner where two planar piezo bi-
morph cantilever actuators were placed perpendicular to each other to generate the 2D 
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motion of an optical fiber connected to them. In this case, the dimensions of the cantile-
vered fiber and the mode optimization allowed the fiber tip to interchangeably follow a 
raster, spiral, or Lissajous scanning pattern by simply changing the actuation parameters. 
A schematic diagram of such a model is shown in Figure 8a [104]. The different scanning 
patterns were projected on a United States Air Force (USAF) resolution target to evaluate 
the image uniformity. From Figure 8b, it can be seen that a raster scan provides a uniform 
illumination on the target ((a) within subfigure 8B), while the spiral one is characterized 
by decreasing illumination along the radius ((b) within subfigure 8B). The illumination in 
the case of a Lissajous scan is highly dependent on the fill factor ((c) within subfigure 8B) 
[104]. 

 
(A) 

 
(B) 

Figure 8. Multiple patterns generating fiber scanner: (A) schematic diagram of the scanner; (B) 
achieved scanning patterns projected on a USAF target (taken with permission of [104]). 

Rivera et al. developed a compact multiphoton endoscope (with an outer diameter 
of 3 mm) where two bimorph piezoelectric actuators were used to excite a DCF. Two bi-
morph structures were placed in such a configuration to have perpendicular bending 
axes. A raster scanning pattern was generated by exciting the fiber in two directions. The 
fast-scanning motion was obtained by exciting one of the actuators at the resonant fre-
quency of the extending cantilevered DCF, and slow axis scanning was performed by ex-
citing the other actuator at a frequency much lower than the resonance frequency. The 
mechanical assembly of the described endoscope is illustrated in Figure 9a [105]. The de-
veloped prototype and the optical path diagram inside the endoscopic tip are shown in 
Figure 9b,c [105]. Using the developed probes, the authors were able to obtain the fluores-
cence images of an ex vivo mouse lung tissue at depths comparable to a commercial mul-
tiphoton microscope. The finer resolution (lateral and axial resolution of 0.8 and 9.4 µm, 
respectively) enabled the probe to clearly identify the alveolar walls and lumens in the 
unstained lung tissue, as in Figure 9d [105]. 
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Figure 9. Raster scanning endoscope: (A) mechanical assembly; (B) developed prototype; (C) opti-
cal path diagram; (D) fluorescence image of an unstained ex vivo lung tissue (taken with the per-
mission of [105]). 

It is possible to enhance the cantilever fiber deflection with low power consumption 
by using very thin piezoelectric ceramic layers. Recent developments in the field showed 
the ability to form piezoelectric layers with thicknesses at submicron levels. A variety of 
methods were implemented to deposit the thin film of these materials. Such methods in-
cluded arc discharged reactive ion-plating, epitaxial process, sol–gel spin-coating, and 
sputtering [100]. 

4.1.2. Tubular Piezoelectric Actuator 
In the tubular structure, a thin ceramic sheet is bent into a cylindrical shape and can 

experience axial, radial, or bending motion. The tube shrinks radially and axially in the 
presence of a voltage difference between the inner and outer electrodes of the tube. In 
these actuators, the load can be mounted either on the curved surface for radial displace-
ment or on the rims for axial displacement. These devices are very rapidly responsive, but 
the generated force is limited. Usually, the displacement produced by a piezoelectric de-
vice is very small. Thus, it is possible to stack up various piezoelectric disks or tubes to 
amplify the generated displacement [99]. 

As described earlier, piezoelectric actuators are most commonly used in cantilever-
based endoscopic probes, especially the tubular piezoelectric actuators. In this case, the 
tube structure is divided into four electrodes and placed near the blocked end of the can-
tilever fiber. The base excitation of the fiber along a certain direction is obtained by apply-
ing voltage to two opposite electrodes. Seibel et al. used this configuration to obtain a 2D 
displacement of the fiber tip. In this small-sized endoscope, the drive voltage at two pairs 
of electrodes had an increasing amplitude and a phase shift of 90°, which resulted in a 
spiral pattern followed by the fiber tip [9,10]. The schematic diagram of the scanning fiber 
endoscope is shown in Figure 10 along with an enlarged view of the scanning portion 
showing the cantilevered fiber’s connection with the tubular actuator [15]. Some in-vivo 
testing images of airways of a live pig taken with this endoscope (Figure 11b) were com-
pared with the corresponding images from a conventional Pentax bronchoscope (Figure 
11a). The two devices showed comparable images in terms of resolution and field of view 
[15]. 
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Figure 10. Schematic diagram of a scanning fiber endoscope (taken with permission of [15]). 

 
Figure 11. In vivo images of airways of a pig acquired with (a) conventional Pentax bronchoscope; 
(b) scanning fiber endoscope (taken with permission of [15]). 

A similar fiber optic scanner using a tubular piezoelectric actuator, packaged within 
a 2 mm housing tube, was developed by Liang et al. as a two-photon and second harmonic 
endoscope. This novel endo-microscope enabled label-free histological imaging of tissue 
structures with subcellular resolution. The schematic diagram of the developed two-pho-
ton endoscope is illustrated in Figure 12a [106]. An overlaid two-photon and second har-
monic generation image of a mouse liver acquired with such an endoscope is shown in 
Figure 12b, where the collagen fibers (in red) and vitamin A granules (in bright green) 
dispersed in the cytoplasm (dark green) can be clearly identified [106]. 

  
(a) (b) 

Figure 12. Nonlinear optical endoscope: (a) schematic diagram; (b) two-photon and second har-
monic generation structural image of a resected mouse liver (taken with permission of [106]). 

Vilches et al. developed a fiber scanner for OCT where a piezoelectric tubular actua-
tor provided the base excitation motion to an optical fiber having a GRIN lens attached to 
its free end. In this configuration, schematized in Figure 13a, the beam scanning was at-
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tained by rotating the angle of the collimated beam, which provided high-resolution im-
aging while avoiding optical aberrations [107]. The cross-sectional tomogram of a human 
finger obtained with this scanner is shown in Figure 13b [107]. 

 
(a) 

 
(b) 

Figure 13. Fourier-plane fiber scanner: (a) schematic diagram; (b) cross-sectional tomogram of 
human finger (taken with permission of [107]). 

4.2. Electrothermal Actuators 
The working principle of an electrothermal actuator is based on the Joule effect. The 

electric resistivity causes an increase in temperature in the presence of the current flow 
through the actuator. The amount of heat generated in a material is directly proportional 
to the material’s resistivity, current, and the length of the actuator, while it is inversely 
proportional to the cross-sectional area of the device. Generated heat causes thermal ex-
pansion and consequently the deformation of the material. 

In electrothermal actuators, the cross-section is usually much smaller than the length 
of the actuator to make it more resistive and, consequently, cause higher temperature var-
iations for a given input power. Thus, the temperature along the actuator can be calculated 
using a one-dimensional model. A correction factor can be included in the equation to 
consider this approximation. The nonlinear partial differential equation describing the 
temperature variation (T) in space and time can be obtained using the conservation of 
energy [108]. In the case of a rectangular section bar (with width w, and height h), the 
partial differential equation (PDE) describing the heat transfer along the length x becomes: 𝜌𝑐 𝜕𝑇𝜕𝑡 𝑑𝑥 = 𝐽 𝜌 𝑑𝑥 − 𝑑𝑑𝑥 −𝑘 𝑑𝑇𝑑𝑥 𝑑𝑥 + 𝑇 − 𝑇 𝑆ℎ𝑅 𝑑𝑥 + 2ℎ𝑤 + 𝜆ℎℎ (𝑇 − 𝑇 )𝑑𝑥 + 𝜆𝜀 𝜎ℎ 𝑇 − 𝑇 𝑑𝑥  (21)

with ρ, cp, ρr, kp being the density, specific heat, resistivity, and the thermal conductivity 
of the material characterizing the actuator, respectively. hcs and hcf are the convection co-
efficients for the side walls and the faces of the actuator element, respectively. λ is the 
coefficient describing the heat loss. εx and σ are the surface emissivity and the Stefan–
Boltzmann constant for radiation heat transfer, respectively, while Tp and Ta are the sub-
strate and ambient temperature, respectively. RT is the thermal resistance between the ac-
tuator surface and the substrate material. J is the current density along the actuator given 
by the current passing through it per unit section of the actuator material. S is the shape 
factor and is a function of total heat flux defined as: 
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𝑆 = ℎ𝑤 2𝑡ℎ + 1 + 1 (22)

where tv is the air gap between the actuator material and the substrate [108,109]. 
The heat transfer through convection and radiation is evident at very high tempera-

tures. In electrothermal actuators, the operable temperature is limited to avoid damage to 
the material. Thus, the corresponding terms in Equation (21) can be neglected [108,110]. 
Therefore, Equation (21) can be simplified to: 𝜌𝑐 𝜕𝑇𝜕𝑡 = 𝐽 𝜌 + 𝑘 𝑑 𝑇𝑑𝑥 − 𝑇 − 𝑇 𝑆ℎ𝑅  (23)

The temperature profile along the actuator can be determined knowing the initial 
temperature of the actuator and the two boundary conditions. 

On the basis of configuration, electrothermal actuators can be divided into hot-and-
cold arm, chevron, and bimorph actuators. 

4.2.1. Hot-and-Cold Arm Actuators 
These actuators are also called U-shaped actuators, folded beam actuators, heatua-

tors, or pseudo bimorph actuators. As the name implies, the structure of the actuator is 
made up of at least one hot arm and one cold arm. The actuator is usually made up of a 
homogenous material with folded arms in a U-shaped pattern that are constrained by an-
chors. Usually, the anchor surfaces are characterized by having a large surface area, re-
quired to ensure heat dissipation. Two arms of the actuator characterized by different 
cross-sections are connected in series to an electric circuit. The current flows through the 
structure with different current densities within the two arms. Therefore, more heat is 
produced within the thin arm through the Joule heating principle compared to that of the 
wide arm. This differential thermal expansion of the material causes the thin arm to ex-
pand more and bend towards the wide section, generating the bending moment [98,111]. 

At the base of the cold arm, there is a thin section flexure arm which helps the bend-
ing deflection at the tip of the actuator in the shape of an arc in the actuator plane. The 
length of the flexure arm plays an important role in the value of the tip deflection. In the 
original model proposed by Guckel at al., the length of the flexure arm and the wide arm 
were equal to half of the length of the thin arm [112]. Huang and Lee developed the math-
ematical model describing the tip displacement of the actuator tip with respect to the func-
tion of the air gap between the two arms and the geometry of the arm structures. The 
smaller gap between the two arms led to a higher tip displacement, and the optimal length 
for the flexure arm was around 14–18% of the total length of the thin arm [113]. 

The temperature along the beam can be obtained by unfolding the beam and apply-
ing Equation (23). In the case of no external load acting on the tip, the lateral deflection of 
the tip at the free end of these actuators can be described by: 𝛿𝑦 = 12 (𝑎 − 𝑎 + 2𝑎)𝐴𝑟𝛼∆𝑇 𝐿5𝑎 𝐼 + 𝑎 𝑟 𝐴 − 2𝑎 𝐼 + 5𝑎𝐼 + 𝑟 𝑎𝐴 + 𝐼 + 𝑎 𝐼 − 2𝑎 𝐼 (24)

where L, a, A, r, α, I are the actuator length, ratio of flexure arm length to hot arm length, 
cross-section area of the flexure and hot arm, center gap between the hot arm and the 
flexure component, coefficient of thermal expansion, and the moment of inertia of the hot 
arm (flexure arm), respectively. ΔTnet is the net temperature difference defined as the tem-
perature which would cause the expansion of the hot arm alone and is the same as the net 
expansion in the real actuator case, where a small expansion of the cold arm corresponds 
to a decrease in the flexure component and results in a decrease in the net expansion be-
tween the two arms [114]. 

Hot-and-cold arm actuators are used widely in MEMS devices. There are large vari-
ations in the geometry of the actuators to achieve asymmetric thermal expansion. It is 
possible to obtain the in- plane deflection by changing the length of the arms instead of 
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the cross-section [115], or using a combination of both the difference in the length and 
cross-section [116], or connecting the two arms of the actuator in parallel instead of series, 
enabling higher current density in the thick arm, causing the tip deflection towards the 
thin arm [117], or changing the resistivity of one arm by selectively doping it. 

Lara-Castro et al. designed an array of four electrothermal actuators based on the 
hot-and-cold arm configuration to obtain out-of-plane displacement. Four actuators are 
used to control the rotation of a MEMS mirror for endoscopic OCT purposes [118]. Some 
other changes in the geometry of the actuator include using two hot arms [66,119]. Seo et 
al. used this kind of double hot arm electrothermal actuator to obtain the lateral in-plane 
displacement of the optical fiber for endoscopic purposes [66,120]. An optical fiber was 
firmly connected to the linking bridge connecting the two hot arms and the cold arm. The 
differential thermal expansion between hot and cold arms allowed the cantilevered fiber 
to move in a lateral direction (in-plane motion), while that between the actuator surface 
and the fiber gave the vertical motion, causing the fiber tip to follow a Lissajous scanning 
pattern [66]. The schematic diagram of a 1.65 mm diameter confocal endo-microscope 
catheter developed using this type of actuator is shown in Figure 14 [65]. 

 
Figure 14. Electrothermally actuated confocal endo-microscope: (a) schematic diagram; (b) work-
ing principle (taken with permission of [65]). 

4.2.2. Chevron Actuators 
Chevron actuators are also called bent-beam actuators or V-shaped actuators and are 

the other type of in-plane electrothermal actuator, with a slightly different working prin-
ciple. In this case, the in-plane displacement of the tip of the actuator is obtained from the 
total thermal expansion of the components instead of a differential expansion [98]. 

In a V-shaped electrothermal actuator, two symmetrical slanted beams are connected 
at a certain angle to a central shuttle beam at the apex to the base with anchors. The current 
passing through the actuator causes the thermal expansion of both slanted beams due to 
the Joule heating principle. As the movement of the beam is constrained by the anchors 
and the central shuttle, the thermal expansion causes a compression force and a bending 
moment, which gives rise to the lateral displacement of the shuttle beam [121]. 

Similar to the U-shaped beams, the temperature distribution along the arms of the 
actuator can be obtained using Equation (23). Enikov et al. described the analytical model 



Sensors 2021, 21, 251 22 of 39 
 

for V-shaped thermal actuators. The analysis of the beam deformation was considered by 
taking into account the buckling effect in the beam due to the axial thermal load and trans-
versely applied force, if any. The numerical solution of the thermoelastic buckling model 
of the beam led to the tip deflection of the beam or the central shuttle beam [121]. How-
ever, Sinclair presented a simplified model describing the tip displacement to be: 𝛿 = 𝑙 + 2(𝑙)𝑙 − 𝑙 𝑐𝑜𝑠(𝜃) / − 𝑙 𝑠𝑖𝑛 (𝜃) (25)

where θ is the initial tilt angle of the arm beam, l is the length of the single actuator arm, 
and l’ is the elongation due to thermal expansion [122]. 

These actuators provide certain advantages over the bent-beam actuators described 
earlier, such as rectilinear displacement, larger exhibited force at the tip, and lower power 
consumption [98]. The displacement of the central tip of the actuator can be increased by 
using longer arm components or reducing the bending angle θ. The opposite changes in-
crease the exhibited force. Moreover, it is possible to amplify the motion of the shuttle 
beam by connecting the two bent-beam actuators in cascade. In the cascaded configura-
tion, two V-shaped electrothermal actuators are anchored to the substrate and connected 
together with secondary V-shaped beams. The current can be passed either through the 
primary units only or through all the structural components [123]. Similarly, it is possible 
to increase the output force without changing the displacement from the device by placing 
multiple V-shaped actuators in parallel [122]. It is even possible to combine the parallel 
and cascade configurations to obtain the desired displacement and force outputs [124]. 

Another variation in chevron actuators consists of changing the geometry of the ac-
tuator to obtain a wide range of output properties. Among these, the most frequently used 
are the electrothermal actuators with Z-shaped patterned arms. In this configuration, the 
thermal expansion of the beams is blocked due to symmetry constraints, leading to the 
bending of the beams and thus the in-plane displacement of the central shuttle element. 
Z-shaped actuators permit smaller feature sizes and larger displacement compared to the 
V-shaped electrothermal actuators [98,125]. Another alternative in chevron actuators is a 
combination of straight and bent beams, or the so-called kink actuator. This kind of actu-
ator consists primarily of straight arms which undergo thermal expansion by the Joule 
effect, while the small kink in the middle serves to guide the motion of the actuator. Kink 
actuators provide higher displacement at lower power levels as compared to V-shaped 
actuators [126]. 

Chevron actuators find use in some cantilever-based optical scanners. Kaur et al. de-
veloped a sub-millimeter-sized cantilevered fiber optical scanner that can find use as a 
forward-viewing endoscopic probe. In this design, shown in Figure 15a, an electrothermal 
chevron actuator made with two parallel legs excites an SMF at resonance. In this case, 
the total thermal expansion of the actuating material provides a base excitation motion to 
the cantilevered fiber [127]. A resolution target image captured with this scanner is pro-
vided in Figure 15b. 

  
(a) (b) 

Figure 15. Cantilevered fiber scanner using chevron actuator: (a) schematic diagram; (b) recon-
structed image of a resolution target. 
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4.2.3. Bimorph Actuators 
A third class of electrothermal MEMS actuators is bimorph or bi-material type actu-

ators. In this kind of actuator, two or more materials with different thermal expansion 
coefficients are stacked on top of each other. The different thermal expansion causes the 
actuator to bend or curl due to the induced strain generated by the Joule heating during 
actuation, which results in an out-of-plane motion [111]. 

The basic design of a bimorph electrothermal actuator consists of a cantilever-shaped 
micro-actuator fabricated using two layers of different materials connected to each other. 
The bending direction of the actuator tip during actuation will be dictated by the material 
with the higher thermal expansion coefficient compared to the one with the lower thermal 
expansion coefficient. The mathematical model for the tip deflection of such a micro-actu-
ator is described by Chu et al. [128]. Assuming a constant curvature, the deflection at the 
free end of a cantilevered bi-material actuator is given by: 𝛿 = 𝑘𝐿 /2  (26)

with L being the length of the cantilevered bi-metallic beam, and k being the curvature, 
which is: 𝑘 = 1𝑟 = 6𝑏 𝑏 𝐸 𝐸 𝑡 𝑡 (𝑡 + 𝑡 )(𝛼 − 𝛼 )∆𝑇(𝑏 𝐸 𝑡 ) + (𝑏 𝐸 𝑡 ) + 2𝑏 𝑏 𝐸 𝐸 𝑡 𝑡 (2𝑡 + 3𝑡 𝑡 + 2𝑡 )  (27)

where r is the radius of curvature, b, t, E, α are the width, thickness, Young’s modulus of 
elasticity, and the thermal expansion coefficient, respectively, of the two materials char-
acterizing the actuator. ΔT is the change in temperature due to Joule heating [128]. 

As with other electrothermal actuators, it is possible to place the different bimorph 
actuators in a cascaded configuration to amplify the obtainable tip displacement. In such 
structures, the various bimorphs are placed together in a serpentine direction, which 
causes the tip deflection from each bimorph to be added in series, yielding the higher 
overall tip displacement. It is possible to use different geometries for the bimorph struc-
tures to adapt according to the required spacing limitations in the microdevices. Large 
numbers of bimorph structures can be connected in a vertical cascaded form to generate 
a large out-of-plane displacement. Many bimorph structures can also be placed in parallel 
to lift the high load mirror surface [129]. 

Bimorph actuators are the most frequently used electrothermal actuators and find 
use in a large number of scanning mirror MEMS devices. Zhang et al. developed a canti-
levered fiber scanner excited non-resonantly using a MEMS stage. This platform, placed 
at a certain distance from the fixed end of the fiber, was connected to the fixed surface 
using three-segment bimorph actuators at four edges. Three segments of the Al-SiO2 bi-
morph actuators were placed in a configuration, shown in the schematic of Figure 16, to 
cancel out the lateral motion generating large vertical motion at the fiber tip [95]. Such a 
device along with imaging optics was packaged in a 5.5 mm probe to use as an endoscopic 
OCT probe [96]. 
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Figure 16. Schematic diagram of a non-resonant fiber scanner using bimorph electrothermal actua-
tion technique (taken with the permission of [95]). 

4.3. Electromagnetic Actuators 
The working principle that governs the motion in these actuators is the so-called elec-

tromagnetic principle, where the conversion from electric/magnetic energy to mechanical 
energy takes place by means of a magnetic field. Similar to an electrostatic actuator, there 
are stationary and moving parts, named the stator and the rotor, respectively. Depending 
on whether the magnetic field is generated by the static or rotor component, there are two 
different configurations available for these actuators. Both configurations are described 
below in detail. 

4.3.1. Moving Magnet Configuration 
In this configuration of MEMS electromagnetic actuators, a bulk magnet is placed 

inside an electric coil. When the current flows inside the wire coil, it generates a magnetic 
field. The intensity of the generated magnetic field depends upon the current passing 
through the coil, the radius of the coil surface, and the distance from the coil. For a circular 
coil, the generated magnetic field is given by the Biot–Savart equation: 𝑯(𝑧) = 𝜇 𝑁𝐼 𝑟2(𝑟 + 𝑧 ) /  (28)

where µ0 is the permeability constant, N is the number of turns, I is the current, r is the 
mean radius, and z is the distance along central axis [130]. 

In the moving magnet configuration, a permanent magnet with net magnetization 
vector M is placed inside an external magnetic field Hext created by one or more electric 
coils at angle α. The external field applies a torque on the moveable magnet given by: 𝑇 = 𝑉 𝑴 × 𝑯 = 𝑉 𝑀𝐻 𝑠𝑖𝑛 (𝛼) (29)

with Vmag being the magnetic volume. Using a soft magnetic material, the generated torque 
TH rotates M moving it away from the equilibrium position (easy axis) by an angle θ. An 
anisotropy magnetic torque Ta will be generated inside the magnet, tending to realign it 
to its initial position. 𝑇 = −𝐾 𝑠𝑖𝑛 (2𝜃) (30)

Ka is the magnetic-anisotropy constant. An opposite torque Ta is exerted on the easy 
axis and thus on the magnet itself [64]. If the direction of Hext remains constant at an angle 
γ (α = γ at the beginning) from the easy axis, the torque becomes: 𝑻 = 𝑉 𝑀𝐻 𝑠𝑖𝑛 (𝛾 − 𝜃) (31)

In a permanent magnet, M = Ms (saturated magnetization), and θ = 0. The magneti-
zation of soft magnets changes with the applied external magnetic field and Ms. 

The external magnetization vector acting along the direction of M is: 𝐻 = 𝐻 𝑐𝑜𝑠 (𝛾 − 𝜃) (32)

Thus, the change in M induces the poles at the end of magnet, which generates a 
demagnetized field Hd in the opposite direction of Ha: 𝐻 = −𝑁 𝑀/𝜇  (33)

where NM is the shape anisotropy coefficient. The net field (Hi) inside the sample changes 
to the sum of the applied and demagnetized field. The sample moves to reduce Hi and 
cause the magnetization vector to be: 𝑀 = 𝑚𝑖𝑛 𝜇 𝐻 𝑐𝑜𝑠(𝛾 − 𝜃)𝑁 , 𝑀  (34)
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In equilibrium, the field torque TH rotates M from easy axis and is balanced by the 
anisotropy torque Ta and tends to align M and vibrate the magnetic component [131]. 

Joos et al. developed an OCT probe for imaging based on this technique. In this probe, 
an electromagnetic coil was placed at the outer surface in the center, in which a magnet 
was placed carrying a thin-walled 28-gauge tube. An SMF fiber was contained in a “S”-
shaped 34-gauge stainless-steel tube placed within the 28-gauge tube, as in the schematic 
shown in Figure 17a. In the presence of an electric current at the coil, the electromagnetic 
force generated the sliding motion of the 28-gauge tube along the curved part of the inner 
S-shaped tube, allowing the fiber to move in the lateral direction [132]. The performance 
of the device was tested by imaging the ocular tissue structures. A real-time OCT image 
of ocular conjunctiva is shown in Figure 17b, where different tenons and sclera layers can 
be clearly identified [132]. 

 
(a) 

 
(b) 

Figure 17. Forward-viewing OCT probe based on electromagnetic actuation: (a) schematic dia-
gram; (b) real-time image of conjunctiva (taken with the permission of [132]) © The Optical Soci-
ety. 

Sun et al. developed a cantilevered fiber scanner for medical endoscopic applications, 
where an SMF with a collimating lens was excited at resonance using an electromagnetic 
actuator working on this principle. The researchers fixed a soft cylindrical magnet to an 
optical fiber using a 1 mm diameter polyimide pipe, and a tilted coil was fabricated using 
a microfabrication lithography technique [133]. The schematic of the design is illustrated 
in Figure 18. In the presence of an AC current applied to the coil, a magnetic field was 
generated within the coil and vibrated the magnet fixed to the fiber, resulting in excitation 
of the fiber [133]. Two tilted coils can be used to drive the fiber in two directions to obtain 
a 2D image [134]. 
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Figure 18. Schematic of an electromagnetically driven fiber scanner (taken with the permission of [133]). 

A similar probe, schematized in Figure 19, was recently developed by Yao et al., 
where a cantilevered fiber containing a mass element and a lens at its tip was excited at a 
second resonance mode using a pair of flexible driving coils. The geometry of the cantile-
vered portion generated a 2D elliptical motion, with a larger scan angle at the fiber tip in 
the presence of a magnetic force generated by the soft magnet in the presence of a mag-
netic field [64]. 

 
Figure 19. Schematic design of a fiber scanner excited at second resonance mode using an electro-
magnetic actuator (taken with the permission of [64]). 

4.3.2. Moving Coil Configuration 
In the moving coil configuration, an electric coil is fabricated on the scanner and is 

placed inside a static magnetic field created by external magnets. When the current flows 
through the coil in the presence of an external magnetic field, a force is exerted on the coil, 
designated as the Lorentz force. The force generated on the coil is given by: 𝐹 = |𝐼𝑳 × 𝑩| = 𝐵𝐼𝐿𝑠𝑖𝑛 (𝜃) (35)

where B is the external magnetic field, I is the current, L is the length of the conductor, 
and θ is the angle between the direction of the current and magnetic field [135]. The force 
produced can be written in terms of Equation (28) as well. Usually, the conductor is placed 
perpendicularly to the magnetic field to obtain the maximum exerted force. Equation (35) 
will be simplified to: 𝐹 = 𝐵𝐼𝐿 (36)

In the case of a coil with N turns, the generated magnetic torque on the coil is: 

𝑇 = 2 𝐵𝐼𝐿𝑟  (37)

with rn being the distance of the nth coil turn from the center [90]. 
As in the previous case, the actuator (coil surface) deforms due to the generated 

torque, and a restorative torque will arise in the coil to bring it to its initial state, causing 
the vibration of the moving coil. This technique is frequently used to actuate micromirror 
surfaces [136,137] and finds limited use in cantilevered fiber scanners. 

4.3.3. Magnetostrictive Actuation 
Magnetic materials are characterized by a special property which allows them to 

change their dimensions in the presence of a magnetic field. This effect is called magneto-
striction. The material can undergo a change in dimension until it reaches the value of 
saturation magnetostriction, which depends on the magnetization and, therefore, on the 
applied magnetic field [138]. 



Sensors 2021, 21, 251 27 of 39 
 

Bourouina et al. developed a 2D optical scanner based on the magnetostrictive effect. 
In this case, a silicon cantilever was coated with a magnetostrictive film. Due to the uni-
axial nature of the magnetostrictive material, bending and torsion vibrations were gener-
ated simultaneously in the presence of an AC magnetic field generated by the electric coils 
placed in its surroundings. Later, a piezoresistive detector was incorporated in the device 
to measure the bending and torsional vibrations [139,140]. 

A slightly different fiber optic scanner was developed by a group of researchers from 
the University of Texas. In this design, an optical fiber was coated with a ferromagnetic 
gel which experienced a bending motion in the presence of an external magnetic field 
generated by a magnet placed at the outer surface. The schematic configuration of this 
device is shown in Figure 20 [141]. 

 
Figure 20. Schematic of a magnetically actuated fiber-based imaging system (reprinted with per-
mission from [141]). 

4.4. Electrostatic Actuators 
An electrostatic actuator includes at least two pairs of electrodes attached to two 

plates separated by a gap. One of these plates is fixed by anchors and is named the stator, 
while the other plate is able to move and is designated the shuttle. In the presence of a 
voltage difference between the two plates, an attractive electrostatic force generates 
among them, causing the movement of the shuttle plate towards the stator. The amount 
of the electrostatic force generated between the two components depends on the gap and 
the dielectric constant of the media separating the two plates. The generated electrostatic 
force is given by: 𝐹 = 𝐴𝜀𝑉2𝑔  (38)

where A is the electrode area, ε is the dielectric constant of the air, V is the total voltage 
difference applied to the plates, and g is the air-gap distance [142]. The maximum voltage 
that can be applied to a pair of electrostatic electrodes is delimited by the pull-in voltage. 
The electrostatic force increases with the applied voltage until the point when the force 
causes the two plates to collapse together. The maximum applicable voltage without caus-
ing this phenomenon is called pull-in point voltage. The electrostatic actuators can be clas-
sified into parallel plate and comb drive, which are described below. 

4.4.1. Parallel Plate Actuator 
In a parallel plate configuration, two electrodes are placed parallel to each other in 

an interdigitated finger configuration. In optical scanners, the moving electrode is mostly 
represented by a polysilicon mirror used to deflect the light. 
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Another variation of a parallel plate actuator is a system where the moving electrode 
has a rotational degree of freedom. The application of the voltage to the electrodes in this 
case causes the rotation of the moving electrode with a tilt angle obtained from the equi-
librium between the electrostatic torque generated by the electrostatic force and the re-
storing torque. The large deflection angle in this case requires a large air gap between the 
electrodes. The maximum deflection of the rotating electrode should be less than one third 
of the air gap to avoid the pull-in phenomenon [143]. 

Most of the torsional electrostatic actuators are divided into small-sized scanner ar-
rays causing large tilting angles with small air gaps. There are some systems developed 
with tapered electrodes to allow large tilting angles. 

One of the main drawbacks of electrostatic actuators is that a large driving voltage is 
required to obtain moderate deflection angles. It is possible to partially overcome this by 
using tapered electrodes instead of the parallel-shaped ones [144]. 

4.4.2. Comb Drive Actuator 
In electrostatic comb actuators, multiple plates are connected to make interdigitated 

static and mobile rows. Such a configuration enables an increase in the interaction area 
between the two electrodes, and, consequently, high electrostatic forces are generated. As 
in the parallel plate configuration, the out-of-plane motion of the mobile mirror structure 
can be obtained by making a vertical offset between the torsional support and the driving 
arm [143]. 

In vertical comb drives, the moving comb motion is out-of-plane with the motion of 
the fixed comb, which avoids the pull-in phenomenon. Moreover, the deflecting mirror 
can be decoupled from the actuating part, permitting a large possible deflection of the 
mirror itself. The higher electrostatic torque generated by the comb structure leads to the 
possibility of higher driving frequencies and thus a higher scan speed [145]. 

Vertical comb drives are used frequently to actuate micromirrors [146–148]. It is pos-
sible to place the moving comb structures at a certain angle with respect to the fixed ones 
to obtain an angular vertical comb drive. The initial angle between the comb structures 
determines the obtainable maximum angle rotation of the mirror connected to it [61]. 

A group of researchers at Fraunhofer University studied the design optimization for 
comb drive micro-actuators. It was more convenient to place the electrodes in a star-
shaped pattern to obtain a higher deflection of the mirror surface [149]. 

Both types of actuators are mainly used to actuate micromirrors [100]. Munce et al. 
developed an electrostatically driven fiber optic scanner (shown in Figure 21a) where a 
single-mode fiber was placed in a platinum coil. The packaged probe had a diameter of 
2.2 mm. There were two insulated wires placed around the optical fiber which acted as 
electrodes. An electrostatic force was generated around the fiber in the presence of a po-
tential difference between the two electrodes, which allowed the fiber tip to vibrate [150]. 
An in-vivo Doppler OCT image of the heart of a Xenopus laevis tadpole, taken with this 
device (Figure 21b), enabled clear visualization of the left and right aortic arches [150]. 
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(a) (b) 

Figure 21. Electrostatically driven fiber scanner: (a) schematic diagram; (b) Doppler OCT image of 
a tadpole heart (taken with permission of [150]) © The Optical Society. 

4.5. Shape Memory Alloy Actuators 
Shape memory alloys (SMAs) are unique metallic alloys having the ability to return 

to their original shape after being deformed plastically. The deformation recovery is usu-
ally obtained by increasing the temperature of the material, which releases the state of 
stress. 

SMA material is available in either a wire or a sheet shape. Frequently used SMA 
actuators take the form of a coil structure as they can provide a larger stroke as compared 
to a straight wire per unit length. The shear modulus and the spring constant of a SMA 
coil/spring depend on the composition, temperature, strain, and shape memory treatment 
applied to the material. In the design of an SMA actuator, the material is deformed at a 
low temperature and thermally treated to remember its shape. The shape recovery of the 
coil is obtained by increasing the temperature via the Joule effect by passing a current 
through the wire [151]. 

SMA coil actuators show a one-way shape memory effect. Thus, a bias spring or a 
second SMA coil spring is combined with an SMA coil actuator to obtain a two-way actu-
ation. When a current is passed through the SMA coil, it tends to return to its original 
shape, which exerts a force on the second spring/coil, permitting motion in one direction. 
When the current is stopped, the SMA coil cools down and it is re-deformed by the force 
applied by a bias spring or activating the second coil [152].  

SMA coils are largely used in endoscopes to bend the distal tip for a long time. Maeda 
et al. fabricated a 2 mm diameter endoscope head where an actuation ring connected to 
two SMA springs guided the bending motion of the endoscope tip which contained the 
optical guide fibers by pulling or releasing the pull wire connected to it. The schematic 
diagram showing the structure of the described design is shown in Figure 22 [153]. When 
an SMA coil spring (1) is heated, it tends to recover its shape and rotates the actuation ring 
to the right, which in turn pulls the wire, causing the bending motion of the tip. By stop-
ping the current in that coil and heating the other coil, the tip returns to its original posi-
tion [153]. 

 
Figure 22. Schematic design of endoscopic tip guided using SMA coils (taken with the permission 
of [153]). 

Haga et al. used three SMA coil actuators at equilateral triangle locations between 
two links to form a joint. The bending motion generated by these actuators allowed the 
snake-like movement of the central working channel of the endoscope, i.e., guided the 
endoscope [154]. 

A similar endoscope was designed by Makishi et al., where the active bending mo-
tion of the endoscopic tip, containing a CCD imager, was obtained using three SMA coil 
actuators [155]. The endoscope design showing the structure of the device is illustrated in 
Figure 23 [155]. Another similar endoscope was developed by Kobayashi et al., where the 
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bending motion of the endoscopic central channel containing a CMOS imager and three 
LEDs was obtained using three SMA wires and a stopper coil. In this case, a large bending 
angle was obtained at low cost by allowing the SMA wires to follow an arc-shaped defor-
mation [71]. 

 
(a) 

 
(b) 

Figure 23. Active bending endoscope using SMA coil actuators: (a) endoscope design; (b) enlarged 
view of the actuation mechanism (taken with the permission of [155]). 

5. Discussion 
Optical endoscopic imaging enabled the visualization of cellular and subcellular 

structures in real time, enabling early interventions and improved diagnostic yield from 
fewer biopsies. Moreover, the less invasive nature of the imaging device results in reduced 
tissue trauma, low risk of complications and operational costs, and fast recovery times. In 
cantilever fiber endoscopes, an optical fiber is rigidly fixed to an actuator’s substrate sur-
face, leaving a few millimeters of free end at its distal end. Most often, this free end is 
vibrated at resonance to obtain a large tip displacement, which in these imaging devices 
is directly related to the resolution of the obtained image. Various imaging applications, 
such as confocal endo-microscopy, OCT, photoacoustic imaging, etc., can be found using 
such endoscopes. 

Frequently used MEMS actuators in fiber optic endoscopic devices comprise piezoe-
lectric, electrothermal, electromagnetic, electrostatic, and shape memory alloy actuators. 
Piezoelectric actuators are available in plate or tubular structure, among which the latter 
is largely used as it provides the base excitation to the fiber held in the center along two 
directions. By linearly increasing the amplitude of sinusoidal voltages at two pairs of elec-
trodes with a 180° phase shift, one can obtain a spiral scanning pattern. 

Electrothermal actuators are available in three different types including hot-and-cold 
arm, chevron, and bimorph actuators. In a hot-and-cold arm actuator, the different geom-
etries of the two legs produce asymmetric heat generation and, consequently, an asym-
metric thermal expansion, generating a bending motion at the actuator tip. Similarly, in 
bimorph actuators, the different material properties cause the bending of the actuator tip. 
These techniques can be combined with other actuation methods to obtain a 2D Lissajous 
scanning pattern. Chevron actuators have symmetrical legs and provide linear 1D motion 
at the tip.  

Electrostatic actuators are available in parallel plate and comb drive configurations. 
These actuators find limited use in fiberoptic scanners due to their large dimensions but 
are frequently used in scanners having proximal scanning devices such as mirrors. 

The shape recovery property of shape memory alloy materials makes them an excel-
lent alternative for providing a large actuation force in compact dimensions. 
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Various imaging endoscopic devices using these actuators are described in this pa-
per. The performance of some recently developed fiber optic cantilever-based scanners is 
summarized and compared with the clinically available endoscopes in Table 3. 
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Table 3. Fiber-optic cantilevered scanners developed for endomicroscopy. 

Actuation 
Principle 

Imaging 
Modal-

ity 

Scan-
ning 

Direc-
tion 

Resolution  FOV Frequency 
Driving Volt-

age 
Frame 
Rate 

Scanner Di-
mensions 

Scan-
ning 

Pattern 

Canti-
lever 
Fiber 

Refs. 

Piezoelec-
tric bi-
morph 

Mul-
tiphoton 

For-
ward 

0.8 µm (lateral), 10 
µm (axial) 

110 µm × 
110 µm 

1.05 kHz 
(fast axis), 

4.1 Hz 

50 Vpp (reso-
nant bimorph) 
200 Vpp (non-

resonant) 

4.1 fps 
(512 x 512 

pixels) 

3 mm (di-
ameter) 
40 mm 
(rigid 

length) 

Raster 
scan 

DCF [105] 

Piezoelec-
tric tube 

Two-
photon 

For-
ward 

0.61 µm ÷ 1.10 µm 
(from center of FOV 
to peripheric zone) 

160 µm 3.1 kHz 48 Vpp 6 fps 
~2 mm (di-

ameter) 
Spiral 

DCF 
with 

GRIN 
lens 

[156] 

Piezoelec-
tric tube 

Two-
Photon 

For-
ward  

10 µm 70° 5 kHz 25 V 15 fps 
1.6 mm (di-

ameter) 
Spiral SMF [16] 

Piezoelec-
tric thin 

film 
E-OCT 

Side-
view 

5 µm (axial) 152° 394 Hz 1.3 Vpp - 
3.4 mm x 2.5 

mm 
radial - [157] 

Electro-
thermal  

Confocal 
endomi-
croscope 

For-
ward 

~1.7 µm 
378 µm × 
439 µm 

239 Hz (x-
axis) 207 Hz 

(y-axis) 
16 Vpp 1 fps 

1.65 mm (di-
ameter) 28 
mm (rigid 

length) 

Lissa-
jous 

SMF [65] 

Electro-
thermal 

OCT (A-
scan) 

For-
ward  

~17 µm (lateral) 
~9 µm (axial) 

~3 mm 
(beam 
scan-
ning) 

~100 Hz 
3 Vac_pp, 1.5 V 

DC offset 
200 fps 

5.5 mm (di-
ameter) 55 
mm (rigid 

length) 

raster - [96] 

Electro-
magnetic 

OCT (B-
scan) 

For-
ward  

4–6 µm (axial) 25–35 
µm (lateral) 

2 mm 5 Hz 
±10 V (triangle 

wave)  
- 

0.51 mm (di-
ameter) 

Linear SMF [132] 

Micromo-
tor 

PA and 
US en-

doscopy 

Side-
view 

~58 µm (PA radial) 
~30 µm (US radial) 
~100 µm (PA trans-
vers) ~120 µm (US 

transverse) 

~310° ~4 Hz ~3.2V DC 4 fps 

2.5 mm (di-
ameter) 
~35 mm 
(Rigid 
length) 

Radial MMF [40] 

Electro-
magnetic 

Confocal 
For-

ward  
0.8 µm (lateral) 

390 um × 
390 um 

700 Hz (fast 
scan) 1–2 
Hz (slow 

scan) 

- 1 fps 
8 mm (di-
ameter)  

Raster SMF [158] 

Cellvizio Confocal 
For-

ward  
5–15 µm (axial) 2–5 

µm (lateral) 
600 µm × 
500 µm 

- - 12 fps 2.5 mm - - [33] 

As stated earlier, scanning fiber endoscopes were introduced recently in the field. 
Most of the devices mentioned in this paper find limited use in clinical application but are 
more in the transition from research to clinical phase. The only commercially available 
cantilever-based endoscopes for clinical use are those developed by Pentax [73] and 
Mauna Kea [32] Technologies. 

The choice of an endoscopic device depends on the target imaging region, ease of 
use, and cost of the device. The cost of an endoscopic device comprises fabrication and 
operating cost. The operating costs mainly consist in decontamination and sterilization, 
which can be performed at high temperature such as autoclaving or hot air oven or at low 
temperature using chemical agents. The fabrication cost of an endoscope highly depends 
on the cost of the laser source, actuation, and detection mechanisms. Among the various 
actuators studied in this paper, electrothermal actuators are economic ones. However, the 
high working temperature can limit their usage at a high frequency. Otherwise, piezoe-
lectric tubular actuators are cost-effective in terms of possible bidirectional actuation at 
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high actuation frequency. The development of MEMS actuators enabled batch production 
of miniaturized actuators, reducing the fabrication costs to great extent and permitting the 
fabrication of disposable endoscopic scanners. 

6. Conclusions 
The actuation and scanning devices for cantilever-based endoscopic probes are de-

scribed in this review paper along with their design and working principles. The size of 
an actuator is an important factor in a cantilevered endoscopic device. The developments 
in the MEMS field permit the mass production of small-sized actuators, enabling the fab-
rication of small-sized imaging probes. The endoscopic technology is aiming towards the 
design of low-cost disposable imaging devices as the reprocessing and sanitation of an 
endoscopic device is a complex and expensive process. The fabrication of small-sized ac-
tuation mechanisms helps to reduce the price of device. Moreover, small-sized probes can 
be advanced further to image the small body cavities, enabling early detection of pre-
cancerous surfaces and helping in the diagnostic procedure to control the lesion at a pre-
liminary stage. 

Author Contributions: Conceptualization, C.M. and M.K.; formal analysis, M.K.; investigation, 
M.K.; resources, M.K.; data curation, M.K.; writing—original draft preparation, M.K.; writing—
review and editing, M.K., P.M.L., and C.M.; visualization, M.K.; supervision, C.M. and P.M.L.; 
project administration, C.M. and P.M.L.; funding acquisition, C.M. and P.M.L. All authors have 
read and agreed to the published version of the manuscript. 

Funding: This work was supported by the Natural Sciences and Engineering Research Council 
(NSERC) of Canada, Canadian Institutes of Health Research (CIHR), the Canada Research Chair 
(CRC) program, and the Mitacs internship program. 

Institutional Review Board Statement: The ethical review and approval are not applicable for this 
review paper. 

Informed Consent Statement: The informed consent statement is not applicable. 

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is 
not applicable to this article. 

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

References 
1. Coda, S.; Thillainayagam, A.V. State of the art in advanced endoscopic imaging for the detection and evaluation of dysplasia 

and early cancer of the gastrointestinal tract. Clin. Exp. Gastroenterol. 2014, 7, 133–150, doi:10.2147/ceg.s58157. 
2. Mannath, J.; Banks, M.R. Emerging technologies in endoscopic imaging. F1000 Med. Rep. 2012, 4, 3, doi:10.3410/m4-3. 
3. WHO, Cancer, World Health Organization, 12 09 2018. Available online: https://www.who.int/news-room/fact-

sheets/detail/cancer (accessed on 6 October 2020). 
4. Stewart, B.W.; Wild, C.P. World Cancer Report 2014; IARC: Lyon, France, 2014. 
5. Conigliaro, R.; Pigò, F. New Techniques in Endoscopy: Confocal Laser Endomicroscopy. In New Techniques in Gastrointestinal 

Endoscopy; IntechOpen: London, UK, 2011; pp. 213–230. 
6. Kaur, M.; Lane, P.M.; Menon, C. Endoscopic Optical Imaging Technologies and Devices for Medical Purposes: State of the Art. 

Appl. Sci. 2020, 10, 6865, doi:10.3390/app10196865. 
7. Leng, X.; Chapman, W.; Rao, B.; Nandy, S.; Chen, R.; Rais, R.; Gonzalez, I.; Zhou, Q.; Chatterjee, D.; Mutch, M.; et al. Feasibility 

of co-registered ultrasound and acoustic-resolution photoacoustic imaging of human colorectal cancer. Biomed. Opt. Express 
2018, 9, 5159–5172, doi:10.1364/BOE.9.005159. 

8. Zhou, J.; Jokerst, J.V. Photoacoustic imaging with fiber optic technology: A review. Photoacoustics 2020, 20, 100211, 
doi:10.1016/j.pacs.2020.100211. 

9. Ubbink, R.; Van Dijk, L.J.; Van Noord, D.; Johannes, T.; Specht, P.A.C.; Bruno, M.; Mik, E.G. Evaluation of endoscopic visible 
light spectroscopy: Comparison with microvascular oxygen tension measurements in a porcine model. J. Transl. Med. 2019, 17, 
65, doi:10.1186/s12967-019-1802-x. 

10. Benaron, A.D.; Parachikov, H.I.; Cheong, W.-F.; Friedland, S.; Rubinsky, B.E.; Otten, D.M.; Liu, F.W.H.; Levinson, C.J.; Murphy, 
A.L.; Price, J.W.; et al. Design of a visible-light spectroscopy clinical tissue oximeter, J. Biomed. Opt. 2005, 10, 44005–44009. 



Sensors 2021, 21, 251 34 of 39 
 

11. Gorevoy, A.; Machikhin, A.S.; Batshev, V.; Kolyuchkin, V.Y. Optimization of stereoscopic imager performance by computer 
simulation of geometrical calibration using optical design software. Opt. Express 2019, 27, 17819–17839, 
doi:10.1364/OE.27.017819. 

12. Geng, J.; Xie, J. Review of 3-D Endoscopic Surface Imaging Techniques. IEEE Sens. J. 2013, 14, 945–960, 
doi:10.1109/jsen.2013.2294679. 

13. Udovich, J.A.; Kirkpatrick, N.D.; Kano, A.; Tanbakuchi, A.; Utzinger, U.; Gmitro, A.F. Spectral background and transmission 
characteristics of fiber optic imaging bundles. Appl. Opt. 2008, 47, 4560–4568, doi:10.1364/ao.47.004560. 

14. Scheffer, D. Endoscopes Use CMOS Image Sensors, Vision Systems Design, 30 07 2007. Available online: https://www.vision-
systems.com/home/article/16750278/endoscopes-use-cmos-image-sensors (accessed on 28 July 2020). 

15. Lee, C.M.; Engelbrecht, C.J.; Soper, T.D.; Helmchen, F.; Seibel, E.J. Scanning fiber endoscopy with highly flexible, 1 mm 
catheterscopes for wide-field, full-color imaging. J. Biophotonics 2010, 3, 385–407, doi:10.1002/jbio.200900087. 

16. Seibel, E.J.; Johnston, R.S.; Melville, C.D. A full-color scanning fiber endoscope. Opt. Fibers Sens. Med. Diagn. Treat. Appl. VI 2006, 
6083, 608303, doi:10.1117/12.648030. 

17. Piyawattanametha, W. A review of MEMS scanner based endoscopic optical imaging probe. In Proceedings of the 2013 
International Conference on Optical MEMS and Nanophotonics (OMN), Kanazawa, Japan, 18–22 August 2013; pp. 53–54. 

18. Qiu, Z.; Piyawattanamatha, W. New Endoscopic Imaging Technology Based on MEMS Sensors and Actuators. Micromachines 
2017, 8, 210–227. 

19. Hwang, K.; Seo, Y.-H.; Jeong, K.-H. Microscanners for optical endomicroscopic applications. Micro Nano Syst. Lett. 2017, 5, 1–
11, doi:10.1186/s40486-016-0036-4. 

20. Powers, J.P. An Introduction to Fiber Optic Systems; Chicago: Irwin, IL, USA, 1997. 
21. Ghatak, A.; Thyagarajan, K. Optical Waveguides and Fibers. In Fundamentals of Photonics; SPIE: Bellingham, WA, USA, 2009; 

pp. 249–292. 
22. Göbel, W.; Kerr, J.N.D.; Nimmerjahn, A.; Helmchen, F. Miniaturized two-photon microscope based on a flexible coherent fiber 

bundle and a gradient-index lens objective. Opt. Lett. 2004, 29, 2521–2523, doi:10.1364/ol.29.002521. 
23. Huang, L.; Oesterberg, U.L. Measurement of cross talk in order-packed image fiber bundles. In Proceedings of the SPIE’s 1995 

International Symposium on Optical Science, Engineering, and Instrumentation; SPIE: Bellingham, WA, USA, 1995; pp. 480–488. 
24. Flusberg, A.; Cocker, B.; Piyawattanametha, E.D.; Jung, W.; Cheung, J.C.; Schnitzer, E.L.M. Fiber-optic fluorescence imaging. 

Nat. Methods 2005, 2, 941–950, doi:10.1038/nmeth820. 
25. Shao, J.; Liao, W.-C.; Liang, R.; Barnard, K. Resolution enhancement for fiber bundle imaging using maximum a posteriori 

estimation. Opt. Lett. 2018, 43, 1906–1909, doi:10.1364/ol.43.001906. 
26. Dumripatanachod, M.; Piyawattananmetha, W. A Fast Depixation Method of Fiber Bundle Image for an Embedded System. In 

Proceedings of the 8th Biomedical Engineering International Conference, Pattaya, Thailand, 25–27 November 2015. 
27. Shinde, A.; Perinchery, S.M.; Matham, M.V. Fiber pixelated image database. Opt. Eng. 2016, 55, 83105, 

doi:10.1117/1.oe.55.8.083105. 
28. Vyas, K.; Hughes, M.; Gil Rosa, B.; Yang, G.-Z. Fiber bundle shifting endomicroscopy for high-resolution imaging. Biomed. Opt. 

Express 2018, 9, 4649–4664, doi:10.1364/BOE.9.004649. 
29. Sung, K.-B.; Liang, C.; Descour, M.; Collier, T.; Follen, M.; Richards-Kortum, R. Fiber-optic confocal reflectance microscope with 

miniature objective for in vivo imaging of human tissues. IEEE Trans. Biomed. Eng. 2002, 49, 1168–1172, 
doi:10.1109/tbme.2002.803524. 

30. Knittel, J.; Schnieder, L.; Buess, G.; Messerschmidt, B.; Possner, T. Endoscope-compatible confocal microscope using a gradient 
index-lens system. Opt. Commun. 2001, 188, 267–273, doi:10.1016/s0030-4018(00)01164-0. 

31. Lane, P.M.; Lam, S.; McWilliams, A.; Le Riche, J.C.; Anderson, M.W.; Macaulay, C.E. Confocal fluorescence microendoscopy of 
bronchial epithelium. J. Biomed. Opt. 2009, 14, 024008, doi:10.1117/1.3103583. 

32. Cellvizio, Cellvizio Targeted Biopsies, Mauna Kea Technolgies. Available online: 
https://www.maunakeatech.com/en/cellvizio/10-cellvizio-targeted-biopsies (accessed on 9 October 2020). 

33. Osdoit, A.; Lacombe, F.; Cave, C.; Loiseau, S.; Peltier, E. To see the unseeable: Confocal miniprobes for routine microscopic 
imaging during endoscopy. Biomed. Opt. 2007, 6432, 64320, doi:10.1117/12.701004. 

34. Giniunas, L.; Juskaitis, R.; Shatalin, S. Scanning fiber-optic microscope. Electron. Lett. 1991, 27, 724–726. 
35. Kimura, S.; Wilson, T. Confocal scanning optical microscope using single-mode fiber for signal detection. Appl. Opt. 1991, 30, 

2143–2150, doi:10.1364/ao.30.002143. 
36. Pitris, C.; Bouma, B.E.; Shiskov, M.; Tearney, G.J. A GRISM-based probe for spectrally encoded confocal microscopy. Opt. 

Express 2003, 11, 120–124, doi:10.1364/oe.11.000120. 
37. Yelin, D.; Rizvi, I.; White, W.M.; Motz, J.T.; Hasan, T.; Bouma, B.E.; Tearney, G.J. Three-dimensional miniature endoscopy. Nat. 

Cell Biol. 2006, 443, 765, doi:10.1038/443765a. 
38. Zhao, J.-H.; Zeng, H. Advanced Spectroscopy Technique for Biomedicine. In Biophysics of Skin and Its Treatments; Springer 

Science and Business Media LLC: Geneva, Swizterland, 2012; pp. 1–54. 
39. Choi, Y.; Yoon, C.; Kim, M.; Yang, T.D.; Fang-Yen, C.; Dasari, R.R.; Lee, K.J.; Choi, W. Scanner-Free and Wide-Field Endoscopic 

Imaging by Using a Single Multimode Optical Fiber. Phys. Rev. Lett. 2012, 109, 203901, doi:10.1103/physrevlett.109.203901. 
40. Yang, J.-M.; Chen, R.; Favazza, C.; Yao, J.; Li, C.; Hu, Z.; Zhou, Q.; Shung, K.K.; Wang, L.V. A 25-mm diameter probe for 

photoacoustic and ultrasonic endoscopy. Opt. Express 2012, 20, 23944–23953, doi:10.1364/oe.20.023944. 



Sensors 2021, 21, 251 35 of 39 
 

41. Wei, W.; Li, X.; Zhou, Q.; Shung, K.K.; Chen, Z. Integrated ultrasound and photoacoustic probe for co-registered intravascular 
imaging. J. Biomed. Opt. 2011, 16, 106001, doi:10.1117/1.3631798. 

42. Papadopoulos, I.N.; Farahi, S.; Moser, C.; Psaltis, D. Focusing and scanning light through a multimode optical fiber using digital 
phase conjugation. Opt. Express 2012, 20, 10583–10590, doi:10.1364/oe.20.010583. 

43. Sato, M.; Kanno, T.; Ishihara, S.; Suto, H.; Takahashi, T.; Nishidate, I. Reflectance Imaging by Graded-Index Short Multimode 
Fiber. Appl. Phys. Express 2013, 6, 052503, doi:10.7567/apex.6.052503. 

44. Zhang, Y.; Cao, Y.; Cheng, J.-X. High-resolution photoacoustic endoscope through beam self-cleaning in a graded index fiber. 
Opt. Lett. 2019, 44, 3841–3844, doi:10.1364/ol.44.003841. 

45. Fu, L.; Gan, X.; Gu, M. Nonlinear optical microscopy based on double-clad photonic crystal fibers. Opt. Express 2005, 13, 5528–
5534, doi:10.1364/opex.13.005528. 

46. Yelin, D.; Bouma, B.E.; Yun, S.H.; Tearney, G.J. Double-clad fiber for endoscopy. Opt. Lett. 2004, 29, 2408–2410, 
doi:10.1364/ol.29.002408. 

47. Wang, L.; Choi, H.Y.; Jung, Y.; Lee, B.-H.; Kim, K.-T. Optical probe based on double-clad optical fiber for fluorescence 
spectroscopy. Opt. Express 2007, 15, 17681–17689, doi:10.1364/oe.15.017681. 

48. Mavadia, J.; Xi, J.; Chen, Y.; Li, X. An all-fiber-optic endoscopy platform for simultaneous OCT and fluorescence imaging. 
Biomed. Opt. Express 2012, 3, 2851–2859, doi:10.1364/BOE.3.002851. 

49. Xi, J.; Chen, Y.; Zhang, Y.; Murari, K.; Li, M.-J.; Li, X. Integrated multimodal endomicroscopy platform for simultaneous en face 
optical coherence and two-photon fluorescence imaging. Opt. Lett. 2012, 37, 362–364, doi:10.1364/OL.37.000362. 

50. Buenconsejo, A.L.; Hohert, G.; Manning, M.; Abouei, E.; Tingley, R.; Janzen, I.; McAlpine, J.N.; Miller, D.; Lee, A.; Lane, P.M.; 
et al. Submillimeter diameter rotary-pullback fiber-optic endoscope for narrowband red-green-blue reflectance, optical 
coherence tomography, and autofluorescence in vivo imaging. J. Biomed. Opt. 2019, 25, 1–7, doi:10.1117/1.JBO.25.3.032005. 

51. Tearney, G.J.; Brezinski, M.E.; Fujimoto, J.G.; Weissman, N.J.; Boppart, S.A.; Bouma, B.E.; Southern, J.F. Scanning single-mode 
fiber optic catheter–endoscope for optical coherence tomography. Opt. Lett. 1996, 21, 543–545, doi:10.1364/ol.21.000543. 

52. Liu, X.; Cobb, M.J.; Chen, Y.; Kimmey, M.B.; Li, X. Rapid-scanning forward-imaging miniature endoscope for real-time optical 
coherence tomography. Opt. Lett. 2004, 29, 1763–1765, doi:10.1364/ol.29.001763. 

53. Park, H.-C.; Seo, Y.-H.; Hwang, K.; Lim, J.-K.; Yoon, S.Z.; Jeong, K.-H. Micromachined tethered silicon oscillator for an 
endomicroscopic Lissajous fiber scanner. Opt. Lett. 2014, 39, 6675–6678, doi:10.1364/ol.39.006675. 

54. Huang, G.; Ding, Z. Rapid two-dimensional transversal scanning fiber probe for optical coherence tomography. In Coherence 
Domain Optical Methods and Optical Coherence Tomography in Biomedicine XI; SPIE: Bellingham, WA, USA, 2007; p. 64292W. 

55. Liu, Z.; Fu, L.; Gao, F.; Zhang, X. Design and implementation of a 2-D endoscopic optical fiber scanner. In Proceedings of the 
Seventh International Conference on Photonics and Imaging in Biology and Medicine, Wuhan, China, 24–27 November 2008; 
Volume 7280; p. 72801D. 

56. Wu, T.; Ding, Z.; Wang, K.; Chen, M.; Wang, C. Two-dimensional scanning realized by an asymmetry fiber cantilever driven 
by single piezo bender actuator for optical coherence tomography. Opt. Express 2009, 17, 13819–13829, doi:10.1364/oe.17.013819. 

57. Li, G.; Zhou, A.; Gao, H.; Liu, Z. Endoscope two dimensional scanning fiber probe and the driving method. In Proceedings of 
the International Conference on Optical Instruments and Technology (OIT2011), Beijing, China, 6–9 November 2011; Volume 
8199; p. 819913. 

58. Kretschmer, S.; Jäger, J.; Vilches, S.; Ataman, Ç.; Zappe, H. A bimodal endoscopic imager in a glass package. J. Micromech. 
Microeng. 2018, 28, 105009, doi:10.1088/1361-6439/aaceb5. 

59. Rajiv, A.; Zhou, Y.; Ridge, J.; Reinhall, P.G.; Seibel, E.J. Electromechanical Model-Based Design and Testing of Fiber Scanners 
for Endoscopy. J. Med. Devices 2018, 12, 041003, doi:10.1115/1.4040271. 

60. Akhoundi, F.; Qin, Y.; Peyghambarian, N.; Barton, J.K.; Kieu, K. Compact fiber-based multi-photon endoscope working at 1700 
nm. Biomed. Opt. Express 2018, 9, 2326–2335, doi:10.1364/boe.9.002326. 

61. Aguirre, A.D.; Hertz, P.R.; Chen, Y.; Fujimoto, J.G.; Piyawattanametha, W.; Fan, L.; Wu, M.C. Two-axis MEMS Scanning 
Catheter for Ultrahigh Resolution Three-dimensional and En Face Imaging. Opt. Express 2007, 15, 2445–2453, 
doi:10.1364/oe.15.002445. 

62. Zara, J.M.; Yazdanfar, S.; Rao, K.D.; Izatt, J.A.; Smith, S.W. Electrostatic micromachine scanning mirror for optical coherence 
tomography. Opt. Lett. 2003, 28, 628–630, doi:10.1364/ol.28.000628. 

63. Kim, K.H.; Park, B.H.; Maguluri, G.N.; Lee, T.W.; Rogomentich, F.J.; Bancu, M.G.; Bouma, B.E.; De Boer, J.F.; Bernstein, J.J. Two-
axis magnetically-driven MEMS scanning catheter for endoscopic high-speed optical coherence tomography. Opt. Express 2007, 
15, 18130–18140, doi:10.1364/oe.15.018130. 

64. Yao, J.; Yang, Z.; Peng, T.; Sun, B.; Zhang, H.; Zhao, M.; Dai, B.; Liu, H.; Ding, G.; Sawada, R. A Single-Fiber Endoscope Scanner 
Probe Utilizing Two-Degrees-of-Freedom (2DOF) High-Order Resonance to Realize Larger Scanning Angle. IEEE Trans. 
Compon. Packag. Manuf. Technol. 2019, 9, 2332–2340, doi:10.1109/tcpmt.2019.2951102. 

65. Seo, -H.Y.; Hwang, K.; Jeong, K.-H. 1.65mm diameter forward-viewing confocal endomicroscopic catheter using a glip-chip 
bonded electrothermal MEMS fiber scanner. Opt. Express 2018, 26, 4780–4785. 

66. Seo, Y.-H.; Hwang, K.; Park, H.-C.; Jeong, K.-H. Electrothermal MEMS fiber scanner for optical endomicroscopy. Opt. Express 
2016, 24, 3903–3909, doi:10.1364/oe.24.003903. 

67. Tanguy, Q.A.; Gaiffe, O.; Passilly, N.; Cote, J.-M.; Cabodevila, G.; Bargiel, S.; Lutz, P.; Xie, H.; Gorecki, C. Real-time Lissajous 
imaging with a low-voltage 2-axis MEMS scanner based on electro-thermal actuation. Opt. Express 2020, 28, 8512–8527. 



Sensors 2021, 21, 251 36 of 39 
 

68. Sun, J.; Guo, S.; Wu, L.; Liu, L.; Choe, S.-W.; Sorg, B.S.; Xie, H. 3D In Vivo optical coherence tomography based on a low-voltage, 
large-scan-range 2D MEMS mirror. Opt. Express 2010, 18, 12065–12075, doi:10.1364/oe.18.012065. 

69. Duan, C.; Tanguy, Q.; Pozzi, A.; Xie, H. Optical coherence tomography endoscopic probe based on a tilted MEMS mirror. 
Biomed. Opt. Express 2016, 7, 3345–3354. 

70. Li, H.; Oldham, K.; Wang, T.D. 3 degree-of-freedom resonant scanner with full-circumferential range and large out-of-plane 
displacement. Opt. Express 2019, 27, 16296–16307, doi:10.1364/OE.27.016296. 

71. Kobayashi, T.; Matsunaga, T.; Haga, Y. Active Bending Electric Endoscope Using Shape Memory Alloy Wires. In Computational 
and Experimental Simulations in Engineering; Springer Science and Business Media LLC, Geneva, Switzerland, 2015; pp. 131–139. 

72. Pan, Y.; Xie, H.; Fedder, G.K. Endoscopic optical coherence tomography based on a microelectromechanical mirror. Opt. Lett. 
2001, 26, 1966–1968, doi:10.1364/ol.26.001966. 

73. Polglase, A.L.; McLaren, W.J.; Skinner, S.A.; Kiesslich, R.; Neurath, M.F.; Delaney, P.M. A fluorescence confocal endomicroscope 
for in vivo microscopy of the upper- and the lower-GI tract. Gastrointest. Endosc. 2005, 62, 686–695, doi:10.1016/j.gie.2005.05.021. 

74. Wu, J.; Conry, M.; Gu, C.; Wang, F.; Yaqoob, Z.; Yang, C. Paired-angle-rotation scanning optical coherence tomography forward-
imaging probe. Opt. Lett. 2006, 31, 1265–1267, doi:10.1364/ol.31.001265. 

75. Sarunic, V.M.; Han, S.; Wu, J.; Yaqoob, Z.; Humayun, M.; Yang, C. Endoscopic Optical Coherence Tomography of the Retina at 1310 
nm Using Paried-Angle-Rotating Scanning; SPIE: San Jose, CA, USA, 2007. 

76. Kim, K.J.; Choi, J.W.; Yun, S.H. 350-um side-view optical probe for imaging the murine brain in vivo from the cortex to the 
hypothalamus. J. Biomed. Opt. 2013, 18, 502–511. 

77. Lee, C.M.; Chandler, J.E.; Seibel, E.J. Wide field fluorescence imaging in narrow passageways using scanning fiber endoscope 
technology. Endosc. Microsc. V 2010, 7558, 755806, doi:10.1117/12.842617. 

78. Inman, D.J. Engineering Vibrations; CRC Press: Pearson, NJ, USA, 2014. 
79. Qiu, Z.; Piyawattanametha, W. MEMS Actuators for Optical Microendoscopy. Micromachines 2019, 10, 85, 

doi:10.3390/mi10020085. 
80. Benjamin, K.J.; David, I.J.; Delu, S.D.; Ebenezer, D.R.; Jennifer, L.S.; Aaishah, R.L.; Wei, P.L.; Gui-Shuang, Y.L.; Tomas, A.L.; et 

al. Optical coherence tomography identifies outer retina thinning in frontotemporal degeneration. Neurology 2017, 89, 1604–
1611. 

81. Lumbroso, B.; Huang, D.; Chen, C.J.; Jia, Y.; Rispoli, M.; Romano, A.; Waheed, N.K. Clinical OCT Angiography Atlas; Jaypee 
Brothers Medical Publishers: New Delhi, India, 2015 

82. Boppart, S.A.; Bouma, B.E.; Pitris, C.; Tearney, G.J.; Fujimoto, J.G.; Brezinski, M.E. Forward-imaging instruments for optical 
coherence tomography. Opt. Lett. 1997, 22, 1618–1620, doi:10.1364/ol.22.001618. 

83. Paddock, S.W.; Fellers, T.J.; Davidson, M.W. Introductory Confocal Concepts, MicroscopyU. Available online: 
https://www.microscopyu.com/techniques/confocal/introductory-confocal-concepts (accessed on 23 June 2020). 

84. Liu, L.; Wang, E.; Zhang, X.; Liang, W.; Li, X.; Xie, H. MEMS-based 3D confocal scanning microendoscope using MEMS scanners 
for both lateral and axial scan. Sens. Actuators A 2014, 215, 89–95, doi:10.1016/j.sna.2013.09.035. 

85. Dickensheets, D.L.; Kino, G.S. Micromachined scanning confocal optical microscope. Opt. Lett. 1996, 21, 764–766, 
doi:10.1364/ol.21.000764. 

86. Maitland, K.C.; Shin, H.J.; Ra, H.; Lee, D.; Solgaard, O.; Richards-Kortum, R. Single fiber confocal microscope with a two-axis 
gimbaled MEMS scanner for cellular imaging. Opt. Express 2006, 14, 8604–8612, doi:10.1364/oe.14.008604. 

87. Jung, I.W.; Lopez, D.; Qiu, Z.; Piyawattanametha, W. 2-D MEMS Scanner for Handheld Multispectral Dual-Axis Confocal 
Microscopes. J. Microelectromech. Syst. 2018, 27, 605–612, doi:10.1109/jmems.2018.2834549. 

88. Li, R.; Wang, X.; Zhou, Y.; Zong, H.; Chen, M.; Sun, M. Advances in nonlinear optical microscopy for biophotonics. J. 
Nanophotonics 2018, 12, 033007, doi:10.1117/1.jnp.12.033007. 

89. Piston, D.W.; Fellers, T.J.; Davidson, M.W. Multiphoton Microscopy, MicroscopyU. Available online: 
https://www.microscopyu.com/techniques/multi-photon/multiphoton-microscopy (accessed on 23 June 2020). 

90. Holmstrom, S.T.S.; Baran, U.; Urey, H. MEMS Laser Scanners: A Review. J. Microelectromech. Syst. 2014, 23, 259–275, 
doi:10.1109/jmems.2013.2295470. 

91. Haight, E.C.; King, W.W. Stability of Nonlinear Oscillations of an Elastic Rod. J. Acoust. Soc. Am. 1972, 52, 899–911, 
doi:10.1121/1.1913195. 

92. Hyer, M.W. Whirling of a base-excited cantilever beam. J. Acoust. Soc. Am. 1979, 65, 931–939, doi:10.1121/1.382597. 
93. Kundrat, M.J.; Reinhall, P.G.; Lee, C.M.; Seibel, E.J. High performance open loop control of scanning with a small cylindrical 

cantilever beam. J. Sound Vib. 2011, 330, 1762–1771, doi:10.1016/j.jsv.2010.10.019. 
94. Wu, L.; Ding, Z.; Huang, G. Realization of 2D Scanning Pattern of a Fiber Cantilever by Nonlinear Coupling; SPIE: Wuhan, China, 

2007; p. 65340I. 
95. Zhang, X.; Duan, C.; Liu, L.; Li, X.; Xie, H. A non-resonant fiber scanner based on an electrothermally-actuated MEMS stage. 

Sens. Actuators A Phys. 2015, 233, 239–245, doi:10.1016/j.sna.2015.07.001. 
96. Park, H.-C.; Zhang, X.; Yuan, W.; Zhou, L.; Xie, H.; Li, X. Ultralow-voltage electrothermal MEMS based fiber-optic scanning 

probe for forward-viewing endoscopic OCT. Opt. Lett. 2019, 44, 2232–2235, doi:10.1364/ol.44.002232. 
97. Moon, S.; Lee, S.-W.; Rubinstein, M.; Wong, B.J.F.; Chen, Z. Semi-resonant operation of a fiber-cantilever piezotube scanner for 

stable optical coherence tomography endoscope imaging. Opt. Express 2010, 18, 21183–21197, doi:10.1364/oe.18.021183. 



Sensors 2021, 21, 251 37 of 39 
 

98. Yang, S.; Xu, Q. A review on actuation and sensing techniques for MEMS-based microgrippers. J. Micro-Bio Robot. 2017, 13, 1–
14, doi:10.1007/s12213-017-0098-2. 

99. Zhang, P. Sensors and actuators. In Advanced Industrial Control Technology; Elsevier BV: Heidelberg, Germany, 2010; pp. 73–116. 
100. Pengwang, E.; Rabenorosoa, K.; Rakotondrabe, M.; Andreff, N. Scanning Micromirror Platform Based on MEMS Technology 

for Medical Application. Micromachines 2016, 7, 24, doi:10.3390/mi7020024. 
101. Emery, J. Piezoelectricity, 04 03 1997. Available online: http://stem2.org/je/piezoelc.pdf (accessed on 12 June 2020). 
102. Bahadur, I.M.; Mills, J.K. A new model of hysteresis in piezoelectric actuators. In Proceedings of the 2011 IEEE International 

Conference on Mechatronics and Automation, Beijing, China, 7–10 August 2011; pp. 789–794. 
103. ThorLabs. Piezoelectric Tutorial. Available online: https://www.thorlabs.com/newgrouppage9.cfm?objectgroup_id=5030 

(accessed on 15 June 2020). 
104. Tekpınar, M.; Khayatzadeh, R.; Ferhanoğlu, O. Multiple-pattern generating piezoelectric fiber scanner toward endoscopic 

applications. Opt. Eng. 2019, 58, 023101, doi:10.1117/1.oe.58.2.023101. 
105. Rivera, D.R.; Brown, C.M.; Ouzounov, D.G.; Pavlova, I.; Kobat, D.; Webb, W.W.; Xu, C. Compact and flexible raster scanning 

multiphoton endoscope capable of imaging unstained tissue. Proc. Natl. Acad. Sci. USA 2011, 108, 17598–17603, 
doi:10.1073/pnas.1114746108. 

106. Liang, W.; Hall, G.; Messerschmidt, B.; Li, M.-J.; Li, X. Nonlinear optical endomicroscopy for label-free functional histology in 
vivo. Light Sci. Appl. 2017, 6, e17082, doi:10.1038/lsa.2017.82. 

107. Vilches, S.; Kretschmer, S.; Ataman, Ç.; Zappe, H. Miniaturized Fourier-plane fiber scanner for OCT endoscopy. J. Micromech. 
Microeng. 2017, 27, 105015, doi:10.1088/1361-6439/aa8915. 

108. Mayyas, M. Comprehensive Thermal Modeling of ElectroThermoElastic Microsturctures. In Actuators; Molecular Diversity 
Preservation International: New York, NY, USA, 2012; Volume 1, pp. 21–35. 

109. Lin, L.; Chiao, M. Electrothermal responses of lineshape microstructures. Sens. Actuators A 1996, 55, 35–41, doi:10.1016/s0924-
4247(96)01247-2. 

110. So, H.; Pisano, A.P. Electrothermal modeling, fabrication and analysis of low-power consumption thermal actuator with 
buckling arm. Microsyst. Technol. 2013, 21, 195–202, doi:10.1007/s00542-013-1953-2. 

111. Buser, R.; De Rooij, N.; Tischhauser, H.; Dommann, A.; Staufert, G. Biaxial scanning mirror activated by bimorph structures for 
medical applications. Sens. Actuators A Phys. 1992, 31, 29–34, doi:10.1016/0924-4247(92)80076-f. 

112. Guckel, H.; Klein, J.; Christenson, T.; Skrobis, K.; Laudon, M.; Lovell, E. Thermo-magnetic metal flexure actuators. In Technical 
Digest IEEE Solid-State Sensor and Actuator Workshop; Institute of Electrical and Electronics Engineers: New York, NY, USA, 2003. 

113. Huang, Q.-A.; Lee, N.K.S. Analysis and design of polysilicon thermal flexure actuator. J. Micromech. Microeng. 1999, 9, 64–70, 
doi:10.1088/0960-1317/9/1/308. 

114. Hickey, R.; Kujath, M.; Hubbard, T. Heat transfer analysis and optimization of two-beam microelectromechanical thermal 
actuators. J. Vac. Sci. Technol. A 2002, 20, 971–974, doi:10.1116/1.1468654. 

115. Huang, Q.-A.; Lee, N.K.S. Analytical modeling and optimization for a laterally-driven polysilicon thermal actuator. Microsyst. 
Technol. 1999, 5, 133–137, doi:10.1007/s005420050152. 

116. Lee, C.-C.; Hsu, W. Optimization of an electro-thermally and laterally driven microactuator. Microsyst. Technol. 2003, 9, 331–334, 
doi:10.1007/s00542-002-0253-z. 

117. Moulton, T.; Ananthasuresh, G. Micromechanical devices with embedded electro-thermal-compliant actuation. Sens. Actuators 
A 2001, 90, 38–48, doi:10.1016/s0924-4247(00)00563-x. 

118. Lara-Castro, M.; Herrera-Amaya, A.; Escarola-Rosas, M.A.; Vázquez-Toledo, M.; López-Huerta, F.; Aguilera-Cortés, L.A.; 
Herrera-May, A.L. Design and Modeling of Polysilicon Electrothermal Actuators for a MEMS Mirror with Low Power 
Consumption. Micromachines 2017, 8, 203, doi:10.3390/mi8070203. 

119. Venditti, R.; Lee, J.S.H.; Sun, Y.; Li, D. An in-plane, bi-directional electrothermal MEMS actuator. J. Micromech. Microeng. 2006, 
16, 2067–2070, doi:10.1088/0960-1317/16/10/020. 

120. Seo, Y.-H.; Park, H.-C.; Jeong, K.-H. Electrothermal MEMS fiber scanner with lissajous patterns for endomicroscopic 
applications. In Proccedings of the 2016 IEEE 29th International Conference on Micro Electro Mechanical Systems (MEMS), 
Shanghai, China, 24–28 January 2016; Volume 24, pp. 367–370, doi:10.1109/memsys.2016.7421637. 

121. Enikov, E.; Kedar, S.; Lazarov, K. Analytical model for analysis and design of V-shaped thermal microactuators. J. 
Microelectromech. Syst. 2005, 14, 788–798, doi:10.1109/jmems.2005.845449. 

122. Sinclair, M. A high force low area MEMS thermal actuator. In Proceedings of the ITHERM 2000. In Proceedings of the Seventh 
Intersociety Conference on Thermal and Thermomechanical Phenomena in Electronic Systems (Cat. No.00CH37069), Las Vegas, 
NV, USA, 23–26 May 2002. 

123. Que, L.; Park, J.-S.; Gianchandani, Y. Bent-beam electrothermal actuators-Part I: Single beam and cascaded devices. J. 
Microelectromechan. Syst. 2001, 10, 247–254, doi:10.1109/84.925771. 

124. Iqbal, S.; Malik, A.A.; Shakoor, R.I. Design and analysis of novel micro displacement amplification mechanism actuated by 
chevron shaped thermal actuators. Microsyst. Technol. 2018, 25, 861–875, doi:10.1007/s00542-018-4078-9. 

125. Guan, C.; Zhu, Y. An electrothermal microactuator with Z-shaped beams. J. Micromechan. Microeng. 2010, 20, 1–9, 
doi:10.1088/0960-1317/20/8/085014. 

126. Rawashdeh, E.; Karam, A.; Foulds, I.G. Characterization of Kink Actuators as Compared to Traditional Chevron Shaped Bent-
Beam Electrothermal Actuators. Micromachines 2012, 3, 542–549, doi:10.3390/mi3030542. 



Sensors 2021, 21, 251 38 of 39 
 

127. Kaur, M.; Brown, M.; Lane, P.M.; Menon, C. An Electro-Thermally Actuated Micro-Cantilever-Based Fiber Optic Scanner. IEEE 
Sens. J. 2020, 20, 9877–9885, doi:10.1109/jsen.2020.2992371. 

128. Chu, W.-H.; Mehregany, M.; Mullen, R.L. Analysis of tip deflection and force of a bimetallic cantilever microactuator. J. 
Micromechan. Microeng. 1993, 3, 4–7, doi:10.1088/0960-1317/3/1/002. 

129. Tanguy, Q.A.A.; Bargiel, S.; Xie, H.; Passilly, N.; Barthès, M.; Gaiffe, O.; Rutkowski, J.; Lutz, P.; Gorecki, C. Design and 
Fabrication of a 2-Axis Electrothermal MEMS Micro-Scanner for Optical Coherence Tomography. Micromachines 2017, 8, 146, 
doi:10.3390/mi8050146. 

130. Pawinanto, R.E.; Yunas, J.; Majlis, B.; Hamzah, A. Design and Fabrication of Compact MEMS Electromagnetic Micro-Actuator 
with Planar Micro-Coil Based on PCB. TELKOMNIKA Telecommun. Comput. Electron. Control. 2016, 14, 856–866, 
doi:10.12928/telkomnika.v14i3.3998. 

131. Judy, J.W.; Muller, R.S. Magnetically actuated, addressable microstructures. J. Microelectromechan. Syst. 1997, 6, 249–256, 
doi:10.1109/84.623114. 

132. Joos, K.M.; Shen, J.-H. Miniature real-time intraoperative forward-imaging optical coherence tomography probe. Biomed. Opt. 
Express 2013, 4, 1342–1350, doi:10.1364/boe.4.001342. 

133. Sun, B.; Sawada, R.; Yang, Z.; Zhang, Y.; Itoh, T.; Maeda, R. Design and fabrication of driving microcoil with large tilt-angle for 
medical scanner application. In Proceedings of the 2014 Symposium on Design, Test, Integration and Packaging of 
MEMS/MOEMS, 2014, Cannes, France, 1–4 April 2014; pp. 1–6, doi:10.1109/dtip.2014.7056688. 

134. Sun, B.; Nogami, H.; Pen, Y.; Sawada, R. Microelectromagnetic actuator based on a 3D printing process for fiber scanner 
application. J. Micromechan. Microeng. 2015, 25, 075014, doi:10.1088/0960-1317/25/7/075014. 

135. Lv, X.; Wei, W.; Mao, X.; Chen, Y.; Yang, J.; Yang, F. A novel MEMS electromagnetic actuator with large displacement. Sens. 
Actuators A 2015, 221, 22–28, doi:10.1016/j.sna.2014.10.028. 

136. Barbaroto, P.R.; Ferreira, L.O.S.; Doi, I. Micromachined scanner actuated by electromagnetic induction. In Optomechatronic 
Systems III; International Society for Optics and Photonics: New York, NY, USA, 2002; pp. 691–698. 

137. Tang, T.-L.; Hsu, C.-P.; Chen, W.-C.; Fang, W. Design and implementation of a torque-enhancement 2-axis magnetostatic SOI 
optical scanner. J. Micromechan. Microeng. 2010, 20, 025020, doi:10.1088/0960-1317/20/2/025020. 

138. Cullity, B.D.; Graham, C.D. Magnetostriction and the Effects of Stress. In Introduction to Magnetic Materials; Wiley: Hoboken, NJ, 
USA, 2009; pp. 241–273. 

139. Bourouina, T.; Lebrasseur, E.; Reyne, G.; Debray, A.; Fujita, H.; Ludwig, A.; Quandt, E.; Muro, H.; Oki, T.; Asaoka, A. Integration 
of two degree-of-freedom magnetostrictive actuation and piezoresistive detection: Application to a two-dimensional optical 
scanner. J. Microelectromechan. Syst. 2002, 11, 355–361, doi:10.1109/jmems.2002.800561. 

140. Garnier, A.; Bourouina, T.; Fujita, H.; Orsier, E.; Masuzawa, T.; Hiramoto, T.; Peuzin, J.-C. A fast, robust and simple 2-D micro-
opticalscanner based on contactless magnetostrictive actuation. In Proceedings of the IEEE Thirteenth Annual International 
Conference on Micro Electro Mechanical Systems, Miyazaki, Japan, 23–27 January 2000. 

141. Pandojirao-Sunkojirao, P.; Rao, S.; Phuyal, P.C.; Dhaubanjar, N.; Chiao, J.-C. A Magnetic Actuator for Fiber-Optic Applications. 
Int. J. Optomechatron. 2009, 3, 215–232, doi:10.1080/15599610903174440. 

142. Collard, D.; Fujita, H.; Toshiyoshi, B.; Legrand, B.; Buchaillot, L. Electrostatic Micro-actuators. In Microsystems Technology: 
Fabrication, Test & Reliability: Kogan Page Science, London, UK; 2003; pp. 75–115. 

143. Bourouina, T.; Fujita, H.; Reyne, G.; Motamedi, M.E. Optical Scanning. In MOEMS: Micro-Opto-Electro-Mechanical Systems; SPIE: 
Bellingham, WA, USA, 2005; pp. 323–367. 

144. Henri, C.; Franck, L. Fabrication, Simulation and experiment of a rotating electrostatic silicon mirror with large angular 
deflection. In Proceedings of the IEEE Thirteen Annual International Conference on Micro Electro Mechanical Systems, 
Miyazaki, Japan, 23–27 January 2000. 

145. Patterson, P.R.; Hah, D.; Fujino, M.; Piyawattanametha, W.; Wu, M.C. Scanning micromirrors: An overview. In Optomechatronic 
Micro/Nano Components, Devices, and Systems; SPIE: Bellingham, WA, USA, 2004; Volume 5604, pp. 195–208. 

146. Piyawattanametha, W.; Barretto, R.P.J.; Ko, T.H.; Flusberg, B.A.; Cocker, E.D.; Ra, H.; Lee, D.; Solgaard, O.; Schnitzer, M.J. Fast-
scanning two-photon fluorescence imaging based on a microelectromechanical systems two- dimensional scanning mirror. Opt. 
Lett. 2006, 31, 2018–2020, doi:10.1364/ol.31.002018. 

147. Hofmann, U.; Janes, J.; Quenzer, H.-J. High-Q MEMS Resonators for Laser Beam Scanning Displays. Micromachines 2012, 3, 509–
528, doi:10.3390/mi3020509. 

148. Izawa, T.; Sasaki, T.; Hane, K. Scanning Micro-Mirror with an Electrostatic Spring for Compensation of Hard-Spring 
Nonlinearity. Micromachines 2017, 8, 240, doi:10.3390/mi8080240. 

149. Schenk, H.; Dürr, P.; Kunze, D.; Lakner, H.; Kück, H. A resonantly excited 2D-micro-scanning-mirror with large deflection. 
Sens. Actuators A 2001, 89, 104–111, doi:10.1016/s0924-4247(00)00529-x. 

150. Munce, N.R.; Mariampillai, A.; Standish, B.A.; Pop, M.; Anderson, K.J.; Liu, G.Y.; Luk, T.; Courtney, B.K.; Wright, G.A.; Vitkin, 
I.A.; et al. Electrostatic forward-viewing scanning probe for Doppler optical coherence tomography using a dissipative polymer 
catheter. Opt. Lett. 2008, 33, 657–659, doi:10.1364/ol.33.000657. 

151. Huebsch, W.; Hamburg, S.; Guiler, R. Aircraft morphing technologies. In Innovation in Aeronautics; Elsevier BV: Amsterdam, 
The Netherlands, 2012; pp. 37–55. 

152. Ishii, T. Design of shape memory alloy (SMA) coil springs for actuator applications. In Shape Memory and Superelastic Alloys; 
Elsevier BV: Heidelberg, Germany, 2011; pp. 63–76. 



Sensors 2021, 21, 251 39 of 39 
 

153. Maeda, S.; Abe, K.; Yamamoto, K.; Tohyama, O.; Ito, H. Active endoscope with SMA (Shape Memory Alloy) coil springs. In 
Proceedings of the Ninth International Workshop on Micro Electromechanical Systems, San Diego, CA, USA, 24 January 2002. 

154. Haga, Y.; Esashi, M. Small Diameter Active Catheter Using Shape Memory Alloy Coils. IEEJ Trans. Sens. Micromach. 2000, 120, 
509–514, doi:10.1541/ieejsmas.120.509. 

155. Makishi, W.; Matsunaga, T.; Esashi, M.; Haga, Y. Active Bending Electric Endoscope Using Shape Memory Alloy Coil Actuators. 
IEEJ Trans. Sens. Micromach. 2007, 127, 75–81, doi:10.1541/ieejsmas.127.75. 

156. Liang, W.; Park, H.-C.; Li, K.; Li, A.; Chen, D.; Guan, H.; Yue, Y.; Gau, Y.-T.A.; Bergles, D.E.; Li, M.-J.; et al. Throughput-Speed 
Product Augmentation for Scanning Fiber-Optic Two-Photon Endomicroscopy. IEEE Trans. Med. Imaging 2020, 39, 3779–3787, 
doi:10.1109/tmi.2020.3005067. 

157. Naono, T.; Fujii, T.; Esashi, M.; Tanaka, S. Non-resonant 2-D piezoelectric MEMS optical scanner actuated by Nb doped PZT 
thin film. Sens. Actuators A 2015, 233, 147–157, doi:10.1016/j.sna.2015.06.029. 

158. Thong, P.S.-P.; Olivo, M.; Kho, K.-W.; Zheng, W.; Mancer, K.; Harris, M.R.; Soo, K.-C. Laser confocal endomicroscopy as a novel 
technique for fluorescence diagnostic imaging of the oral cavity. J. Biomed. Opt. 2007, 12, 014007, doi:10.1117/1.2710193. 

 


