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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. A large number of optical devices have been researched and developed for
imaging purposes. Among these, optical coherence tomography (OCT), confocal microscopy (CM), and photoacoustic
(PA) imaging are the predominant ones. 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 reviewed in here along with their working principles, advantages and disadvantages, generated
scanning patterns, and applications.
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| 1. Introduction

The use of optical devices in medical applications has increased in the last few decades. The main purpose of optical
imaging techniques is the direct localization of lesions and malignancies in the organs to inform and assist with surgical
procedures.

Most of the preliminary endoscopes were developed using coherent optical fiber bundles (CFBs) to transport light from a
light source to the imaged surface and using charge-coupled devices (CCDs) to image the tissue surface . Those CCD
devices contained approximately 200,000 pixels, which provided limited resolution of the image [@. 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 B!, 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 diameter smaller than 3 mm, independently of
the imaging chip used 4.

Recently developed flexible endoscopes scan the laser light at the proximal end and capture the image on a temporal
basis, i.e., acquiring one pixel at a time. In such devices, the tip displacement of an optical fiber acting as a cantilever
beam dictates the field of view (FOV) and the resolution 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 the current 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.

| 2. 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 micromirrors 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 endoscopic 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 an endoscopic scanner to illuminate 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 &,
Among the distal scanners, it is possible to have forward-viewing or side-viewing configurations of devices based on the
scanning direction [,

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 can either be vibrated at resonance, or at a frequency different from their resonant frequency.



2.1 Resonant scanners

The main advantage of using the driving frequency equal to the resonant 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).

Almost all the cantilevered-fiber optic endoscopes can be considered as cylindrical-shaped beams. The first resonant
frequency (also called natural frequency) of a cylindrical-shaped cantilevered beam (where one side is rigidly blocked for
any movement and the other end is free to move) is given by:
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with E, p, R, and L being the Young's modulus, density, radius, and length of the cantilever beam, respectively [@. From
this equation, the driving frequency in resonant scanners depends on the inherent properties and dimensions of the
optical fiber acting as the cantilever beam.

The deflection of a cantilevered beam in the transverse direction can be obtained considering the Euler—Bernoulli beam.
The Euler—Bernoulli beam theory describes the relationship 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 Eigure
1. For uniform cross-section cantilever beams, it results in:
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Figure 1. Euler—Bernoulli beam and a free body diagram of an element of the beam.

The beam deflection can be solved using equation (2) with four boundary conditions and two initial conditions. The initial
conditions are the specified initial deflection and velocity profiles causing the motion:

w(z,0) = wy(x) and wy(z,0) = wy(z) €)

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,
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Equation (3) can be solved by separating variables as in w(x,t) = X(x)T(f). This approach permits the separation of
Equation (3) 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(z) = cosh(fB,z) + cos(B,x) + on[sinh(B,z) + sin(B,z)) (8)

where 3, and @» are the coefficients depending on the mode considered. For the first resonant mode, 3,1 is 1.875, while
@y, is 0.7341 [, The first mode shape of a cantilevered beam actuated at resonance is shown in Figure 2 along with the
beam in an initial state.
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Figure 2. Deformation of a cantilever beam at resonance.

Depending upon the actuation technique used to excite the cantilever beam, it is possible 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 whirling motion within a small frequency range &
¥, The cross-coupling motion can be avoided by exciting the cantilever beam along certain eigendirections 19. It is even
seen that the whirling effect can be positively exploited for 2-D scanning using a single actuator. Wu et al. developed a
fiber optic scanner able to obtain 2D scanning using nonlinear cross-couplings 24,

2.2 Non-resonant scanners

Some actuation methods are unable to generate motion 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.

In such scanners, the deflection of the distal tip of the fiber (6,,\;;,] is related to the displacement of the actuator exciting
the vibration (d5) by:
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with L, a, g, 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 inertia of the fiber, and acceleration of the gravity, respectively 12,

Zhang et al. proposed a similar scanner where a 45-mm-long fiber was electrothermally actuated using a micro-electro-
mechanical (MEMS) actuator operating at no more than 6 V 12, 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 13, 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 141,

| 3. Actuators in Cantilever-Based Endoscopic Devices

The miniature size of MEMS devices, along with their light weight and stable performance characteristics, makes them
attractive for micro and nano applications, among which are endoscopic optical devices. On the basis of the working
principle, MEMS actuators can be subdivided into piezoelectric, electrostatic, electrothermal, electromagnetic, and shape
memory alloy actuators. The piezoelectric actuators are widely used in endoscopic catheter design due to their compact
size, low power consumption, and large output force. On the other hand, the actuation displacement is limited in such
devices. Electrostatic 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 actuation. 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 cantilevered fiber optic endoscopic scanners 13, All these
actuation methods are described in this section in great detail and compared in Table 1, where the number of ticks
qualitatively indicates the intensity of a certain pattern (8],

Table 1. Comparison between different actuation methods used in cantilevered endoscopes.
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3.1. Piezoelectric Actuators

The working principle of piezoelectric actuators is based on the so-called piezoelectric 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 materials,
aluminum nitride (AIN) and lead zirconate titanate (PZT) are most frequently used in MEMS devices. Piezoelectric
actuators are characterized by providing fast response, low driving voltage, and low power consumption 161,

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:

e=Fd+c o (10)

where ¢ is the strain tensor, E is the electric field vector, o 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 (10) becomes zero. The piezoelectric strain depends upon the direction of the mechanical and electrical fields.

Normally, piezoelectric devices are restricted for 1D operation with force/displacement occurring along the axis defined by
the electric field. In these so-called longitudinally translating piezo chips, the electric field is applied parallel to the
polarization direction of the material, which causes the displacement in the same direction of the field normal 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 relationship between the direction of the displacement and that of the electric field
17

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

3.1.1. Disc Piezoelectric Actuator



Flat disc piezoelectric actuators can be constructed using a single piezo element (unimorph 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 Eigure 3.
When a positive voltage is applied to the piezoelectric 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 Eigure 3b. 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 elements. 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 layers 18],
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Figure 3. Piezoelectric bending actuator: (a) schematic diagram; (b) working principle.

Tekpinar et al. developed a piezoelectric fiber scanner where two planar piezo bimorph cantilever actuators were placed
perpendicular to each other to generate the 2D motion of an optical fiber connected to them. In this case, the dimensions
of the cantilevered 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 12, 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 bimorph 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 24,

3.1.2. 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 displacement 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 device is very small. Thus, it is possible to stack up various piezoelectric
disks or tubes to amplify the generated displacement.

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 cantilever fiber. The base excitation of the fiber along a certain direction is obtained by applying 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 [21l. The schematic diagram of the scanning fiber endoscope is shown
in Figure 4 along with an enlarged view of the scanning portion showing the cantilevered fiber’s connection with the
tubular actuator I,
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Figure 4. Schematic diagram of a scanning fiber endoscope (taken with permission of [4l),



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 22, Vilches et al. developed a fiber scanner for OCT
where a piezoelectric tubular actuator provided the base excitation motion to an optical fiber having a GRIN lens attached
to its free end (23],

3.2. 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 expansion 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 variations 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 24, 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:
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with p, ¢p, pr, kp being the density, specific heat, resistivity, and the thermal conductivity of the material characterizing the
actuator, respectively. hes and hgr are the convection coefficients for the side walls and the faces of the actuator element,
respectively. A is the coefficient describing the heat loss. & and o are the surface emissivity and the Stefan—Boltzmann
constant for radiation heat transfer, respectively, while T, and T, are the substrate and ambient temperature, respectively.
Rt is the thermal resistance between the actuator 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:

s;ﬁ(%+1)+1 (12
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where t, is the air gap between the actuator material and the substrate [24125],

The heat transfer through convection and radiation is evident at very high temperatures. In electrothermal actuators, the
operable temperature is limited to avoid damage to the material. Thus, Equation (11) can be simplified to 241261 :
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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.

3.2.1. Hot-and-Cold Arm Actuators

These actuators are also called U-shaped actuators, folded beam actuators, heatuators, 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 anchors.
Usually, the anchor surfaces are characterized by having a large surface area, required 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 expand more and bend towards the wide section, generating the bending moment 15!
2

At the base of the cold arm, there is a thin section flexure arm which helps the bending 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 (28], Huang and Lee developed the mathematical model describing the tip displacement of
the actuator tip with respect to the function 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 22,



The temperature along the beam can be obtained by unfolding the beam and applying Equation (13). 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:
at —a® + 2a)Ara A T..I2

Satl +atr2 A — 2a3] 4+ 5al +r2aA+ T+ a°T —2a2T

1
dy = 5 (14)
where L, a, A, r, a, | 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. AT, is the net temperature difference defined as the
temperature 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 between the two arms 59,

Hot-and-cold arm actuators are used widely in MEMS devices. There are large variations 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 the cross-section 1, or using a combination of both the difference in the length and cross-section B2, 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 23], 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 B4, Some other changes in the geometry of the actuator include using two hot arms B3, 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, where 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 8],

3.2.2. 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 principle. 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 23],

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 B,

Similar to the U-shaped beams, the temperature distribution along the arms of the actuator can be obtained using
Equation (13). Enikov et al. described the analytical model 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
transversely 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 4. However, Sinclair presented a simplified model describing the tip
displacement to be:

§=[2 +20)1' — lcos(8)2]"* — Isin(6) (15)

where 6 is the initial tilt angle of the arm beam, | is the length of the single actuator arm, and I’ is the elongation due to
thermal expansion [,

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 23] The displacement of the central tip of the
actuator can be increased by using longer arm components or reducing the bending angle 6. The opposite changes
increase 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 configuration, 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 B9, Similarly, it is possible to increase the output force without
changing the displacement from the device by placing multiple V-shaped actuators in parallel 28], It is even possible to
combine the parallel and cascade configurations to obtain the desired displacement and force outputs 22,

Another variation in chevron actuators consists of changing the geometry of the actuator 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 1321, Another alternative in chevron
actuators is a combination of straight and bent beams, or the so-called kink actuator. This kind of actuator 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 42,

Chevron actuators find use in some cantilever-based optical scanners. Kaur et al. developed a sub-millimeter-sized
cantilevered fiber optical scanner that can find use as a forward-viewing endoscopic probe. In this design, shown in Eigure
5a, 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 43l A resolution
target image captured with this scanner is provided in Figure 5b.
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Figure 5. Cantilevered fiber scanner using chevron actuator: (a) schematic diagram; (b) reconstructed image of a
resolution target.

3.2.3. Bimorph Actuators

A third class of electrothermal MEMS actuators is bimorph or bi-material type actuators. 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 (27,

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-actuator is described by Chu et al.
44 Assuming a constant curvature, the deflection at the free end of a cantilevered bi-material actuator is given by:

§=kL%/2 (16)
with L being the length of the cantilevered bi-metallic beam, and k being the curvature, which is:
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where r is the radius of curvature, b, t, E, a are the width, thickness, Young’s modulus of elasticity, and the thermal
expansion coefficient, respectively, of the two materials characterizing the actuator. AT is the change in temperature due
to Joule heating 44],

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 structures 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 431,

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 cantilevered 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 AI-SiO, bimorph actuators were placed in a
configuration to cancel out the lateral motion generating large vertical motion at the fiber tip 12, Such a device along with
imaging optics was packaged in a 5.5 mm probe to use as an endoscopic OCT probe 131,

3.3. Electromagnetic Actuators

The working principle that governs the motion in these actuators is the so-called electromagnetic 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.



3.3.1. 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:

= po N Ir?

H(z) Y — T (18)

2(r? + 22)3/2

where L is the permeability constant, N is the number of turns, / is the current, r is the mean radius, and z is the distance
along central axis 48],

In the moving magnet configuration, a permanent magnet with net magnetization vector 7 is placed inside an external
magnetic field H_ﬂ}rt created by one or more electric coils at angle a. The external field applies a torque on the moveable

magnet given by:

- —r 5 19
Tr = |VinagM % Heyy| = VipagM Hoyy sin(a) 19

with Vi,og being the magnetic volume. Using a soft magnetic material, the generated torque T rotates M moving it away
from the equilibrium position (easy axis) by an angle 6. An anisotropy magnetic torque T, will be generated inside the
magnet, tending to realign it to its initial position. An opposite torque T, is exerted on the easy axis and thus on the
magnet itself. In equilibrium, the field torque Ty rotates M from easy axis and is balanced by the anisotropy torque T, and
tends to align M and vibrate the magnetic component 47,

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. 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 8],

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. 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 B2, Two tilted coils
can be used to drive the fiber in two directions to obtain a 2D image 59,

A similar probe 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 cantilevered
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 magnetic field 51,

3.3.2. 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 x B| = BILsin(f) (20)

where B is the external magnetic field, / is the current, L is the length of the conductor, and 6 is the angle between the
direction of the current and magnetic field 52, Usually, the conductor is placed perpendicularly to the magnetic field to
obtain the maximum exerted force. In the case of a coil with N turns, the generated magnetic torque on the coil is:

N
T‘mag =2 E BILr, (21)

=1

with r, being the distance of the nth coil turn from the center B3,

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 (241551 and finds limited use in cantilevered fiber scanners.

3.3.3. 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 magnetostriction. 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 (561,



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 uniaxial nature of the magnetostrictive material, bending and torsion
vibrations were generated 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 &7,

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 581,

3.4. 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:

AzV4

E, = 22
T 22)

where A is the electrode area, ¢ is the dielectric constant of the air, V is the total voltage difference applied to the plates,
and g is the air-gap distance B2, 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 causing this phenomenon is called pull-in point
voltage. The electrostatic actuators can be classified into parallel plate and comb drive, which are described below.

3.4.1. 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.

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 equilibrium between the electrostatic torque generated by the electrostatic force and the restoring
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 €2,

Most of the torsional electrostatic actuators are divided into small-sized scanner arrays 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
i)

3.4.2. 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 69,

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 62,

Vertical comb drives are used frequently to actuate micromirrors B3IB4IE5] |t s possible 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 [€8],

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 €7,

Both types of actuators are mainly used to actuate micromirrors 8. Munce et al. developed an electrostatically driven
fiber optic scanner 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 potential difference between the two electrodes, which allowed the fiber
tip to vibrate [68],

| 4. Scanning Patterns

In MEMS scanning mirrors or fiber optic scanners, the laser beam is scanned along two perpendicular axes to reconstruct
the image of the target sample. The scan along the two directions can be implemented either using separate actuation
methods or by a single actuation device. The resolution of the image obtained depends upon the scanning method used
to scan the laser beam across the sample 24, The different scanning methods used by the optical scanners are briefly
reported below.

4.1. Raster Scanning

Raster scanning (also called serpentine scanning) is a commonly used scanning pattern. In this case, the scanning image
is subdivided into scan lines in one direction. The beam sweeps the sample in one direction along a line, comes back to
other side, and again starts scanning along the next line. Thus, it follows a rectangular scan pattern. The axis of the line
scan is called the fast axis (scanned rapidly), while the other axis is called the slow axis (scanned slowly). Usually, the fast
axis is driven by oscillating the light beam at resonance, while the slow-axis scan is performed using a non-resonant scan
(641 Typically, the raster scan pattern is obtained using gimbal-mounted micromirrors or optical fiber scanners. The raster
scanners require high operating voltages to get slow-axis scans and have difficulties incorporating them in small spaces,
which make them less usable in clinical devices 6,

4.2. Spiral Scanning

A spiral scan pattern is generated using a 2-D actuation method by employing the same actuation frequency along two
axes. In other words, the spiral pattern is obtained by driving the light beam at the same frequency with increasing
amplitude along two directions with a phase shift of 90° 62,

The phase shift between the two signals, and the amplitude variation in the driving signal affect the circularity of the
obtained spiral. Such scanning patterns are obtained with resonant fiber-optic scanner. These scanners are activated with
increasing actuation amplitude until they reach the maximum radius (rnax) followed by a breaking time to reset the fiber to
its rest position, which then repeats the scan and moves to the next frame 41,

4.3. Lissajous Scanning

A Lissajous scanning pattern is another 2-D scanning pattern obtained with variable frequencies, and phases along two
axes. One of the main parameters characterizing the scanning pattern is its fill factor, defined as the ratio of the scanned
area vs. the total pixel area in the image. The fill factor depends on the ratio of the frequencies along the two axes. For a
higher fill factor, a high ratio between the two scanning frequencies is desired 23], The scanning pattern is quasi-random
and non-repetitive in time. The scanning beam is uniformly spread on the scanned surface, is highly smooth, and requires
low power consumption 9. Such patterns are not very useful for high quality displays; however, they are largely used in
resonant fiber scanners 24172

4.4. Circular Scanning

A circular section optical fiber is characterized by having the same fundamental frequency along two directions. It is
possible to get a circular-shaped pattern from the fiber tip by exciting it in the two directions with a 90° phase shift 29, As
stated earlier, it is also possible to get a circular-shaped pattern from the fiber tip by exciting it in a single direction at a
second mode of resonance due to nonlinear coupling with longitudinal inertia [Z3],

By changing the amplitude of the driving signal, it is possible to sweep the area inside the circular shape like the spiral
shape pattern. Wu et al. developed an imaging fiber optic catheter, where the 2-D scan is obtained using a concentric
circle scan pattern with the help of a triangle amplitude modulated sinusoidal actuation wave 3. Like the spiral-shaped
pattern, the light density is higher in the center and decreases moving toward the outer circle.

4.5. Propeller Scanning

Propeller scanning consists of generating a line scan by actuating the optical fiber in one direction, or steering the beam
using a mirror device. The line pattern is then rotated to generate a circular-shaped 2-D pattern 4], The rotation motion
can be transmitted from the proximal end to the distal end using torque cables, while the optical connection between the
steady and rotating parts can be applied using fiber optic rotary joints.

The line scan direction represents the fast axis, while the rotation represents the slow axis. The light intensity is not
uniform and is higher in the center compared to the edges. The rotation speed affects the resolution of the obtained
image. Kaur et al. used a propeller scanning pattern to get a 2-D scan pattern using a single direction actuation of a
cantilevered fiber. The fast-axis scan is obtained by using an electrothermal actuator, while the slow-axis scan is
performed by rotating the target sample 43!,



Scanning patterns and the actuation power provided to the two actuators to get the corresponding 2-D pattern are shown
in Table 2 along with their advantages and disadvantages.

Table 2. Comparison table for different scanning patterns.

Raster Spiral Lissajous Circular Propeller

*

Scanning pattern

Actuation pattern

Y(t) constant rotation

Possible to get

Easy to get, . .
. . . circular pattern with
. . area is swept Uniform light .
Uniform light . . . 1D actuation, area
Advantages . . by changing intensity, . Easy to generate
intensity o is swept by
the driving most used . o
changing the driving
voltage
voltage
) Fill factor
Points are . . .
highly Non uniform light
scanned at o . . . .
Light intensity ~ depends on intensity, the rotation of

different times Light intensity is

Disadvantages is higher in the frequency . . miniaturized structure
can lead to ) . higher in center .
. center ratio, quasi- requires complex and
motion . .
. random expensive devices
artifacts
pattern

| 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 surface, 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 piezoelectric, 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 electrodes 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 geometries of the two legs produce asymmetric heat generation and,
consequently, an asymmetric 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 excellent alternative for providing a large

actuation force in compact dimensions.

Various imaging endoscopic devices using these actuators are described in this paper. The performance of some recently

developed fiber optic cantilever-based scanners is summarized and compared with the clinically available endoscopes in

Table 3.

Actuation
Principle

Piezoelectric
bimorph

Piezoelectric
tube

Piezoelectric
tube

Piezoelectric
thin film

Electrothermal

Electrothermal

Electromagnetic

Table 3. Fiber-optic cantilevered scanners developed for endomicroscopy.

Imaging
Modality

Multiphoton

Two-photon

Two-Photon

E-OCT

Confocal
endomicroscope

OCT (A-scan)

OCT (B-scan)

Scanning
Direction

Forward

Forward

Forward

Side-view

Forward

Forward

Forward

Resolution FOV

0.8 um
110 pm x
(lateral), 10
} 110 pm
um (axial)
0.61 um +
1.10 pm
(from
center of 160 pum
FOV to
peripheric
zone)
10 pm 70°
5um
H- 152°
(axial)
378 um x
~1.7 um
439 um
~17 um
(lateral) ~3 mm
(beam
~9 um scanning)
(axial)
4—6 pm
(axial) 25—
2mm
35 um

(lateral)

Frequency

1.05 kHz
(fast axis),
4.1Hz

3.1kHz

5 kHz

394 Hz

239 Hz (x-
axis) 207
Hz (y-axis)

~100 Hz

5Hz

Driving
Voltage

50 Vpp
(resonant
bimorph)
200 Vpp
(non-
resonant)

48 Vpp

25V

1.3 Vpp

16 Vpp

Vac_pp,
1.5VvDC
offset

+10V
(triangle
wave)

Frame
Rate

4.1 fps
(512 x
512

pixels)

6 fps

15 fps

1 fps

200
fps

Scanner
Dimensions

3 mm
(diameter)

40 mm (rigid
length)

~2 mm
(diameter)

1.6 mm
(diameter)

3.4 mmx
2.5mm

1.65 mm
(diameter)
28 mm (rigid
length)

5.5mm
(diameter)
55 mm (rigid
length)

0.51 mm
(diameter)

Scannin(
Pattern

Raster
scan

Spiral

Spiral

radial

Lissajous

raster

Linear



~58 pm

(PA radial)
~30 um
. 2.5 mm
(US radial) .
(diameter)
PA and US ~3.2V
Micromotor Side-view ~~100 pum ~310° ~4 Hz 4fps 5
endoscopy DC mm
(PA .
(Rigid
transvers)
length)
~120 pm
(Us
transverse)
700 Hz
) 0.8 um 390 um x  (fast scan) 8 mm
Electromagnetic Confocal Forward - 1 fps .
(lateral) 390 um 1-2 Hz (diameter)
(slow scan)
5-15 um
. . 600 pm x
Cellvizio Confocal Forward (axial) 2-5 500 - - 12fps  2.5mm
m
um (lateral) "

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 and Mauna Kea
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, piezoelectric tubular
actuators are cost-effective in terms of possible bidirectional actuation at 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.

The article is from 10.3390/s21010251
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