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An Electro-Thermally Actuated
Micro-Cantilever-Based Fiber Optic Scanner

Mandeep Kaur , Malcolm Brown, Pierre M. Lane, Member, IEEE, and Carlo Menon , Member, IEEE

Abstract—A sub-millimeter sized optical scanner driven
by electro-thermal actuation is presented. The scanner is
composed of a single-mode optical fiber (SMF) with a can-
tilevered section at its distal tip. The fiber cantilever is electro-
thermally actuated near its base in a single direction and
excitedat resonance to obtain large deflectionsat the tip of the
fiber. Two-dimensional imaging of an object is demonstrated
by simultaneously rotating the object while scanning across
its diameter. Illumination light from the optical core of the
fiber cantilever is projected through a lens onto the object.
Reflected light is collected by the same lens and projected
onto a photodetector. An image of the object is reconstructed
by interpolation of the detected signal. The resolution of the
system was measured to be 16μm by imaging a resolution target. The electro-thermal fiber actuator may provide a new
technique for scanning in sub-millimeter sized forward-viewing endoscopic catheters.

Index Terms— Chemical etching, electro-thermal actuator, fiber optic scanner, imaging, mems, micro-cantilever,
resonance vibration.

I. INTRODUCTION

OPTICAL scanners provide a means to sweep a small
spot of laser light across an object to be imaged. These

scanners find use in several applications such as laser printers,
barcode readers/scanners, optical switches, 3D printers, laser
scanning microscopes, etc. These devices require scanning
along one or two directions depending upon the application.
Optical fibers provide a compact way to transmit this laser
light, permitting the miniaturization of the scanner devices.
Fiber optic scanners find frequent use in medical imaging
tools such as endoscopes. These minimally invasive instru-
ments assist with diagnostic and therapeutic procedures within
internal body cavities and organs.
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The organs that can be imaged by an endoscope are limited
by its insertion diameter, so designs must be optimized for
a desired imaging area [1]. In conventional endoscopes, the
image is captured by a charge-coupled device (CCD) or
complementary metal-oxide-semiconductor (CMOS) detectors
using reflected light. The smaller the endoscope, the smaller
the number of pixel elements in the image sensor. This leads
to decreased sensitivity, field of view, lower resolution, and
increased sensitivity to noise, especially for endoscopes less
than 3mm in diameter [2].

A scanning fiber endoscope (SFE) is characterized by the
presence of a single mode optical fiber resonantly actuated at
its base, whose inner core delivers light to the surface being
imaged. These flexible endoscopes currently allow miniatur-
ization of the distal end to about 1.2 mm. The backscattered
light reflected from the tissue surface is collected by outer
fibers surrounding the SMF fiber [1]–[5] or by the inner clad
of a dual clad fiber. Peak to peak scan amplitude and core
diameter of the cantilevered fiber determine the resolution of
the image obtained by defining a predetermined number of
resolvable points.

Common mechanisms used to actuate the optical fiber
include: electrostatic [6], [7], piezoelectric [8]–[17], electro-
magnetic [18], [19], electro-thermal [20]–[22], micro-motor
mirror [23]–[25], and shape memory alloys [26]. Among
these, electro-thermal actuators are based on the Joule heating
principle, which causes thermal expansion with the passage of
current through a resistive medium. Thermal actuation requires
more power to substantially excite a fiber than other methods,
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but is advantageous in its high magnitude of force, displace-
ment and ease of implementation. Adjusting the frequency of
current passing through the actuator, one can easily actuate
the cantilever at resonance. Thermal actuators are commonly
used in Micro-Electro-Mechanical Systems (MEMS) devices
exploiting the U-shaped (bi-morph), V-shaped (Chevron), or
Z-shaped configuration [27].

This paper reports the design of a novel, ultrathin, electro-
thermally actuated 1D fiber optic scanner vibrating at resonant
frequency, which can be packaged within a ∼500μm diameter
housing. The proposed scanner provides the potential for
a sub-millimeter sized forward-viewing endoscopic catheter
which is small enough to access the submillimeter sized
airways of the lung, pancreatic duct, and fallopian tubes for
early cancer screening.

We demonstrate 2D imaging using our 1D fiber scanner by
scanning a laser spot over a rotating object and interpolating
the reflected light to reconstruct an image. The light emitted
from the core of the fiber cantilever is projected on to the
object to be imaged and the light reflected by the object is
captured by a silicon photodetector. It is a natural extension of
the work presented here to rotate the scanner assembly within
a small stationary tube instead of rotating the object itself to
realize a fully 2-D scanning fiber endoscope.

The manuscript is organized as follows: Section II describes
the techniques for fabricating the metallic actuator and the
optical cantilever, and the packaging of the sample. The sam-
ple characterization for imaging the target using the reflected
light is illustrated in Section III. The experimental results are
discussed in Section IV altogether with the comparison of the
proposed scanner with the available scanners to the date. In
the end, the conclusions are presented in Section V.

II. CANTILEVER FABRICATION

The design of the micro-cantilever, electro-thermally excited
near its base using a metallic actuator, follows the works
described previously in [28]. Briefly, the actuator is made of a
thin metallic brass foil with a bridge-like structure, shown in
Figure 1, where the periodic current passage causes thermal
expansion and contraction of the actuator near the base of the
cylindrical cantilever.

In this work, the fiber cantilever is fabricated monolithically
by etching the distal 2 mm of a single segment of SMF to
reduce it diameter from 125μm down to 12μm. The dimen-
sions of the cantilevered section are selected to get the target
scan frequency of 2.5 kHz [28]. Previously, we fabricated the
cantilever from a second segment of a multimode fiber, drawn
down to 12μm, which was then fusion spliced on to the first
segment of SMF [28]. Here we start with a single segment of
fiber (460HP, Thorlabs) with a core diameter of 2.5μm.

Matching the frequency of the periodic current to the
resonant frequency of the cantilever, one can get higher dis-
placement of the micro-cantilever tip at a given base excitation.
To avoid damping, the SMF optical fiber is fixed within a sub-
millimeter sized needle prior to the micro-cantilever portion
with the help of polymeric collar structures. The schematic
design of the proposed setup is shown in Figure 2, which

Fig. 1. The laser cutout of the metallic actuator (scale bar = 250µm).

Fig. 2. The schematic design of the packaged assembly.

highlights the placement of the cantilevered fiber within the
hypodermic needle with respect to the actuator.

A. Etching
Chemical etching using hydrofluoric acid (HF) is commonly

used to etch the optical fibers to obtain nanometer sized fiber
tips used for optical sensors [29]–[31]. Since HF is very
dangerous to work with, a buffer solution with stabilized HF
activity (Buffer Oxide Etchant or BOE, Transene) is used for
etching. BOE solution contains ammonium fluoride (NH4F)
and HF in a standard ratio of 6:1.

In the case of chemical etching, usually there is a forma-
tion of a tapered region in the transition zone of the fiber
(∼600μm) where it’s diameter changes from the original
value to the smaller value (from 125μm to about 12μm in
our case). This tapered region is present due to the capillary
(meniscus) effect which causes a slight raise of the HF solution
in correspondence of the surface of the liquid. The raised
etching solution along the sidewalls of the fiber reduces its
diameter causing the tapered section [32]. In order to avoid
the formation of this tapered region to get a cylindrically
shaped cantilevered section, the open surface of HF solution
should be avoided at all the times during etching. Thus, a
thin membrane made up of Ecoflex rubber (Ecoflex 00-20,
smooth-on) is attached to a small plastic tray which can float
on the surface of HF. Small holes are drilled in the tray and
the flexible membrane. The plastic protective sheath on the
fibers is stripped away, leaving its diameter to be 125μm, and
these are passed through the holes with a protruding length
of about 2mm in HF solution. The flexible membrane tends
to close the hole around the sidewalls of the fiber during
the etching process blocking the raise of solution along the
walls and thus avoiding the tapered region. Figure 3 shows
the schematic of the setup used for etching process. The BOE
solution is contained in a plastic container, on the surface of
which a plastic tray floats carrying the fibers. This setup is
placed inside a container carrying water on top of a hot plate
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Fig. 3. The schematic of the setup used for etching the optical fibers.

Fig. 4. Fiber diameter as a function of etching time.

Fig. 5. The cantilevered fiber obtained via etching process (scale bar =
250µm).

guaranteeing the uniform temperature of the solution during
the etching process.

The etching process is performed by setting the temperature
of hotplate at 30◦C. Thus, water and the BOE solution is
heated up and maintained at constant temperature via hotplate,
and the water temperature is measured using a thermometer.
After few minutes, a fiber is removed from the solution and
monitored under the microscope to characterize its diameter.
The diameter reduction of the fiber in time is shown in
Figure 4. The diameter of the SMF reduces linearly from
125μm to about 12μm in time with the etching rate of
0.38μm/min, as from the trend line in the figure. The can-
tilevered fiber obtained with this process is shown in Figure 5.

B. Packaging
The metallic actuator is made up of 25μm thin brass

foil affixed to the cantilevered fiber with the help of acrylic
(PMMA) collars as described in [28]. The complete packaging
process consists of lifting the bridge pattern, placing the SU-
8 collar structures on the flat base of the actuator, and the
125μm section of the optical fiber nearby the transient region
of the geometry of fiber, attaching the two parts together using
thin layer of epoxy (5 minute epoxy, Devcon), applying a

Fig. 6. Packaging of the sample. a) actuator flipped on PDMS structure;
b) semi-circle pieces placed in the groove of actuator; c) semi-circle
structures placed on SMF fiber; d) side view of assembly; e) assembled
device with heat cured epoxy; f) top view of packed device inside the
nitinol needle.

Fig. 7. Packaged scanner sample.

generous amount of heat cure epoxy (EP-17 HTND-CCM,
MasterBond), and curing the sample for 6 hours at 170◦C.
The packaging process has been reported previously [28] and
is summarized in Figure 6.

A cured and packaged sample inside the 500μm diameter
nitinol needle is shown in Figure 7. The front of the needle
is cut down at an angle to monitor the assembled setup under
the microscope.

III. CHARACTERIZATION AND IMAGING

The micro-cantilever is linearly actuated near its base by
the metallic bridge. By matching the frequency of the current
passing through the bridge to the resonant frequency of the
micro-cantilever, a greater tip displacement is obtained. The
first resonant (natural) frequency of a cantilever beam with a
round cross section is given by:

F = (1.875)1/2

2π

√
EI

ρAL4 = 1.1942 π
√

E

16
√

ρ

R

L2 (1)

where ρ, E, L and R are the density, Young’s modulus, length
and radius of the cantilever, respectively [33].

The natural frequency as function of these parameters is
plotted in Figure 8. Each line in the Figure corresponds to a
given length of the cantilever indicated on each line in μm.

As each sample is manually fabricated, there are variations
among them, including: position of the bridge along the micro-
cantilever’s length, epoxy amount, curing time/procedure, fiber
dimensions, fiber alignment accuracy with respect to the
bridge, etc. Therefore, each sample’s resonant frequency is dif-
ferent and is obtained by testing frequencies around ±500Hz
of the expected value, and measuring for maximum cantilever
tip displacement.

From the length and diameter of the cantilevered fiber mea-
sured under the microscope, the theoretical resonant frequency



9880 IEEE SENSORS JOURNAL, VOL. 20, NO. 17, SEPTEMBER 1, 2020

Fig. 8. Resonant frequency in function of the cantilever diameter (2R)
and length (L).

is calculated, which is considered as the starting test value
for the resonant frequency. The exact resonant frequency is
obtained by sweeping the frequency nearby the theoretical
value and measuring the amplitude of tip displacement until
it reaches the maximum value.

A. Cantilever Drive
The actuator is driven with a square wave in order to

obtain a periodic expansion and contraction of the bridge with
corresponding excitation near the cantilever fiber base. The
duty cycle of the square wave is an important parameter that
influences the performance of the sample. At the beginning of
a test, a duty cycle of 50% is used to quickly determine the
resonant frequency. By decreasing the duty cycle from 50%
to 25%, the amplitude of the tip displacement increases (more
than double) for a given amount of average power passed
through the bridge. After various attempts of different duty
cycles, a smaller duty cycle of 6% is used as a standard value
for the further tests. Thus, the current is passed through the
sample for 6% of the period related to the resonant frequency,
and 94% of the time is left without current to allow the
heat dissipation from the thin actuator. This also permits the
usage of higher current within the sample without damaging
it. Thus, it is possible to excite the actuator using a 25V peak-
to-peak pulse train, with 0.44A current passing through it. It
is possible to drive the samples with even smaller duty cycles,
but the required excitation voltage is much higher for desired
tip displacement, which can be unsafe for the actuator itself
given its small dimensions.

A schematic diagram of the test setup is depicted in
Figure 9. The data acquisition (DAQ) board sends a square
wave signal to the driver circuit, which is powered by an
external DC supply. The output of the circuit is connected
to the metal foil conduction wires which are non-polar.

B. Scan Characterization
A schematic of the optical setup used to characterize the

in-plane scan pattern is shown in Figure 10. The sample is

Fig. 9. Schematic diagram of the experimental setup.

Fig. 10. A conventional diagram of the optical setup used for imaging
tip displacement.

mounted on a three degrees of freedom (DOF) stage, allowing
its alignment with the optical lenses. A 450 nm blue laser
(LP450-SF15, Thorlabs) is connected to the input pigtail of
the of the fiber cantilever. The scan pattern is projected on to
a CMOS camera (STC-MBE132U3V, Sentec) by an objective
lens (f=16.5mm) and tube lens (f=300mm) as shown in the
figure.

The in-plane scan pattern imaged by the CMOS camera is
shown in Figure 11a. The image was generated by setting the
bridge current at the cantilever’s natural frequency with a 6%
duty cycle. Overall tip displacement is about 213μm in the
direction of base excitation.

A brass sample attached to a glass slide with a 150μm
long bridge was monitored under a microscope (VHX-2000,
Keyence) and is shown in Figure 11b. From the side view
image, the cantilever fiber appears to oscillate in a linear man-
ner. However, the tip displacement may be non-linear due to
reasons such as: asymmetry of the bridge and/or cantilevered
fiber, pretension in the cantilever, etc. These deviations from
the ideal can generate a whirling motion in the fiber, i.e. the
path of light is elliptical instead of a line [34]–[36].

The cantilevered fiber in our case is characterized by having
a circular surface which leads to fact that the ratio of natural
frequencies in two principal planes is one. Thus, the plane
motion becomes unstable, and follows an elliptical shape
pattern at steady state in a plane normal to the cantilever axis.
The equations of motion characterizing this elliptical shape
pattern of the whirling motion are described in detail in [34].
The elliptical motion can be modified to be more linear by
changing the driving frequency to be slightly off from the
natural frequency, but the fiber would not be operating at
resonance causing a smaller tip displacement.
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Fig. 11. Tip displacement of the cantilever under actuation. a) front view;
b) side view.

C. Imaging Setup
Light from the fiber cantilever is projected on to the object

to be imaged by an objective lens (f=16.5mm) and scan lens
(f=150mm) as shown in Figure 12. Back reflected light from
the object is collected by the scan lens and refocused by a tube
lens (f=150mm) on a photo detector (PDA100A2, Thorlabs).

Light from the fiber is collimated as it passes through the
objective lens. Half the light is focused on the object by the
scan lens after passing through a 50/50 beam splitter. The light
reflected from the object passes back through the scan lens and
is projected on the photo detector. The output of the detector
is connected to a DAQ board (USB X Series 6341, National
Instruments). The DAQ board collects the analog intensity data
from the photodetector to be processed into the scanned image.

D. Image Acquisition
A polar scanning geometry is used to create a two-

dimensional image. The cantilever scans across the object to
be imaged (fast axis of the scan) while the object rotates (slow
axis of the scan). The frequency of rotation can be increased
for higher frame rate or decreased for better resolution. For
example, a fiber with a diameter of 12μm and length of about
2mm (having a resonant frequency of 2.5 kHz) at 30 frames
per second will have ∼166 fast-axis scans per frame. At half
the frame rate twice as many fast-axis scans occur.

A schematic diagram of the imaging setup is shown in
Figure 12. A variable frequency resolution target (Variable
Frequency Target 5-200 lp/mm, Edmund Optics) is used as the
object to be imaged. The resolution target is attached to the
shaft of a stepper motor using a 3D-printed holder. The motor
carrying the resolution target is mounted on a three degrees-
of-freedom stage, allowing the alignment of the center of the
rotating target with the incoming light beam.

The DAQ board was programmed to provide the timing
signals for the system. The same computer program also
interpolated the sampled data and displayed images in real
time. The cantilever resonant frequency, duty cycle, cantilever
tip phase offset, number of samples per line, and the number
of lines per rotation were configured through the program. The
DAQmx board generated the timing signals required for the
cantilever drive circuit and the motor. Rotation of the motor is
synchronized with the cantilever. The light intensity is sampled

Fig. 12. Schematic diagram of the complete testing setup.

Fig. 13. Timing diagram for image acquisition.

by an analog-to-digital convertor. The line timing is illustrated
in Figure 13.

The Cantilever Drive signal is generated by the DAQmx
board using the resonant frequency of the cantilever and
a desired duty cycle. Digitization of scanline intensity is
triggered by the Cantilever Sync signal which is delayed in
time from the rising edge of Cantilever Drive to account for
the phase shift (�of f set) between the drive waveform and the
actual cantilever tip position. The scanline intensity is sampled
by the Sample Clock signal.

E. Interpolation
We assume the cantilever tip follows a sinusoidal pattern in

time so that the tip displacement in spatial coordinates (x, y)
can be modeled as an ellipse with major axis 2a and minor
axis 2b. As illustrated in Figure 14, the cantilever tip traces
out one complete elliptical cycle as −π < ϕ < π .

Consequently, the tip position (x, y) of a cantilever rotated
through an angle θ can be represented as the product of a
rotation matrix and a position matrix parameterized by ϕ,[

x
y

]
=

[
cos θ − sin θ
sin θ cos θ

] [
a cos ϕ
b sin ϕ

] −π < ϕ < π
−π < θ < π

(2)

Equation 2 can therefore be used to describe cantilever
tip position (x, y) as the cantilever scans (elliptically) in
the radial direction (−π < ϕ < π) and the object being
imaged (or the scanner assembly) rotates in the azimuthal
direction (−π < θ < π).
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Fig. 14. Rotating ellipse representing the cantilever’s tip displacement.

Fig. 15. Quarter of ellipse traced in time.

The image intensity is sampled uniformly in (ϕ, θ) space
and must be interpolated for uniform sampling in (x, y) space.
In general, inverting Equation 2 and solving for (ϕ, θ) in terms
of (x, y) provides 4 solutions. One solution is,

θ = arc tan
bx

√
a2 − r2 − ay

√
b2 + r2

−by
√

a2 − r2 − ax
√

b2 + r2

ϕ = arc tan

√
−a2 − r2

b2 − r2 (3)

where we have defined r2 = x2 + y2. This solution corre-
sponds to a radial forward scan and includes sample points
such that −π ≤ ϕ < −π

2 and −π < θ < π , illustrated
in Figure 15 by the red arm of the ellipse. The other three
solutions correspond to the other half of the forward scan and
the backward scan. When the cantilever scan is linear (b = 0),
Equation 3 simplifies to θ = tan−1 y

x and ϕ = cos−1 r
a .

An M-by-N pixel interpolation table is constructed, where
m = 0, 1, . . . M −1, n = 0, 1, . . . N −1, M is the width of the
image, and N is the height. Discrete pixel (m, n) is related to
continuous position (x, y) using,

x = a(
2m

M
− 1) y = a(

2n

N
− 1) (4)

The (ϕ, θ) elements for the interpolation table are then
calculated using Equations 3 and 4.

The resolution target is shown in Figure 16. An image of
the resolution target acquired with the cantilever fiber placed
perpendicularly to the brass foil bridge is shown in Figures 17,
and 18. As discussed earlier, the cantilever tip traces an
elliptical scan and the 2D scan is obtained by rotating such

Fig. 16. Resolution target used as imaging object.

Fig. 17. Reconstructed image of the resolution target corresponding to
25lp/mm.

elliptical pattern, which leads to no image data being available
in its center (within a circle of radius b, seen as a black circle
in Figure 17, eg.). The imaged section of the resolution target
shown in Figure 17 corresponds to a 25lp/mm area. Figure 18
shows the lines pattern and the numbers written in the nearby
space corresponding to 30lp/mm features. This means that the
smallest resolvable line feature has a width of 16.67μm. Due
to the higher density of data points near the center, the image
is much sharper in that area.

IV. DISCUSSION

The experimental results show the promising performance
of the proposed optical scanner. The peak tip displacement
of the cantilevered fiber increases linearly with the current
supplied to the actuator and shows an elliptical shaped pattern
due to the whirling effect at higher power. The ellipticity and
the voltage at which it becomes prominent depends highly
on the sample. Some samples show the ellipse pattern at
about 10V while others can have a near-linear pattern even at
22V. The ellipticity can be reduced by offsetting the actuation
frequency from resonant frequency, or lowering power, but
the overall displacement of the scanning fiber will decrease as
well. Duty cycle also affects the performance of the sample.
A smaller duty cycle allows more time for heat dissipation.
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Fig. 18. Acquired image of the resolution target at 30lp/mm.

For a given average power, it means that more power can be
used in the shorter on phase, causing greater tip displacement.
However, the high peak temperature reached with small duty
cycles can lead to damage to the bridge and the sample itself.
6% duty cycle is used for testing the samples as it permits the
desired tip displacement without damaging the sample.

There are some variations among the samples during its
fabrication process. As stated earlier, these differences cause
the resonant frequency and performance of the sample to be
different. The fabrication process can be optimized to produce
the similar sample. Etching permits the batch fabrication of
the cantilevered fibers. Thus, similar fibers can be generated
by etching a large number of fibers at the same time. Moreover,
the fiber position with respect to the actuator can be controlled
by using step shoulders.

Current samples are mounted on glass slides for ease of
handling, which limits direct rotation to get 2D images from
1D actuation. In future samples, the glass slide will be omitted.
This will permit rotation of the cantilevered assembly instead
of the image target. In that case, the current scanner can be
potentially used as endoscopic catheter having sub-millimeter
dimensions. The image obtained from the device is highly
affected by optical parts used for imaging. For endoscopic
purposes, the currently used lens system will be replaced by
a much smaller grin lens. The optical fiber itself will then
be replaced by a double clad fiber (DCF) where reflected
light will be captured by its inner cladding. The reflected light
signal will be separated from the core signal using a Double
Clad Fiber Coupler (DCFC) before reaching the detector for
processing.

The elliptical shape of the fiber tip’s motion means there
is no data available of the central image area. This area
can be reduced by exciting the fiber at lower frequencies.
The reconstructed images show a small distortion at the
bottom. The reconstruction algorithm can be slightly updated
by recalibrating it to avoid such distortions, and make the
images more clear and sharp.

Smaller endoscopes will enable the visualization the periph-
eral airways, fallopian tubes, and other small luminal organs
that are currently inaccessible to conventional endoscopy.
Currently, the smallest scanning fiber endoscope has an outer
diameter of almost 1.2mm [1]. The main factors limiting

TABLE I
COMPARISON OF DIFFERENT AVAILABLE MEMS SCANNERS WITH THE

PROPOSED SAMPLE

further miniaturization are the actuation method (piezoelectric
actuator in [1]) and collection fibers size. These limitations
are overcome using an electro-thermal actuator (small sized
actuators produce large forces) and by collecting reflected
light with the inner cladding of the DCF fiber. The proposed
catheter can be assembled within a 500μm hypodermic needle.
Experimental results validate the proposed model and the
optical setup shows the image of the reflecting surface with
a resolution of about 16.67μm. The world’s smallest image
sensor (OV6948, OmniVision) has the size of 575μm x
575μm, and can process video with the frame rate of 30fps
[37]. Thus, it is possible to process the video at the rate
comparable to OV6948 camera within the even smaller device
size. On the other side, the image area is slightly small in
the proposed catheter (200μm across compared to 364μm
across). Some properties of the proposed optical scanner are
summarized and compared with the current MEMS in Table I.
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V. CONCLUSIONS

An optical scanner actuated in one direction using an
electro-thermal actuator is presented. The thermal expansion
of the metallic surfaces of the actuator excites the cantilevered
optical fiber to sweep a laser across a sample. Matching the
frequency of the current supplied to the actuator, the cantilever
is vibrated in resonance to get higher tip displacement. The
vibrating fiber projects light along a linear/elliptical path on
the object to be scanned. By rotating the target, the 1D scanner
is used to demonstrate scanning of a 2D pattern. The device
may provide a new means for scanning in sub-millimeter sized
endoscopic catheters with dimensions smaller than the current
smallest camera, and at similar frame rate.
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