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Modified Phase-Offset-Driven Lissajous
Scanning Endomicroscopy With a

Polyimide-Film-Based Frequency Separator
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Abstract—This article presents a Lissajous scanning
confocal endomicroscopy comprising an easily manufac-
turable thin polyimide (PI) film and modified phase-offset-
driven scanning. The Lissajous scanning confocal probe
has a piezoelectric tube actuator and the PI film-attached
fiber cantilever designed to resonate with the lever mecha-
nism. Data from a finite element analysis and experiments
are used to optimize the dimensions of the PI film, which
produces a frequency separation and field of view of 195 Hz
and 180 µm × 180 µm, respectively, at driving voltages
less than 30 Vpp. The best combination of decimal frequen-
cies with optimized driving phase offsets is determined to
achieve a scanning density (SD) exceeding 80% consis-
tently with an imaging speed of 8 Hz. By analyzing the
Lissajous patterns at different decimal frequency combi-
nations via time-delay analysis, it is possible to find more
diverse combinations that meet the SD criterion. When the
scanning patterns deviate from the desired paths, the pro-
posed modified phase-offset-driven method is applied to
maintain the best scanning pattern. The USAF 1951 test
pattern, several plants, and rat gastrointestinal tract were
imaged successfully using the confocal endomicroscopic
system with the PI film and modified phase-offset-driven
scanning.

Index Terms—Confocal endomicroscopic system, lis-
sajous scanning, modified phase-offset-driven method,
polyimide (PI) film.
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I. INTRODUCTION

R eal-time visualization of microscopic objects is required
in several fields for manufacturing, micromanipulation,

vision-based control, and biomedical applications, among others
[1]–[5]. Images can be obtained by sequentially illuminating
samples pointwise and recording the reflected light from all
scanned points within the field of view (FOV) [6]. Recent
studies have used several microelectromechanical systems or
piezoelectric (PZT) tube actuators to maneuver the scanning
cantilever in both benchtop-type scanning probe microscopies
such as atomic force microscopy [7], [8] and probe-type endomi-
croscopy [9], [10]. In particular, the endomicroscopic optical
probe requires a miniature actuator to be integrated within a
compact tubular package (probe) and operated with low driving
voltages < 42 Vac for medical endoscopic applications [11]. An
optical fiber is used as the scanning cantilever to implement the
miniaturized probe, and the PZT tube actuator vibrates the fiber
cantilever by resonance to achieve a wide FOV with a low driving
voltage [12], [13].

Two sinusoidal driving voltages are commonly used to actuate
the resonant scanner, and the waveforms determine the scan-
ning patterns. If the driving frequencies of the two orthogonal
scanning axes are identical, a spiral [7] or cycloid [8] scanning
pattern is considered. However, raster [14] or Lissajous [15]
scanning methods can be chosen for two different scanning
frequencies. For a resonant fiber scanning system using the PZT
tube actuator, it is desirable to separate the resonant frequencies
to preclude parasitic resonances due to the mechanical coupling
of the PZT tube actuator [16]. The parasitic resonance inhibits
the fiber cantilever from achieving a clear and precise line scan-
ning and orthogonality of two scanning axes [17]. In addition,
raster scanning necessitates a non-resonant axis to which a high
driving voltage should be applied [14]. Lissajous scanning can
be achieved with two different resonant frequencies to avoid par-
asitic resonance and provide high imaging speeds with uniform
illuminations [18]. Hence, Lissajous scanning is chosen as the
preferred method in this study.

The frequency [19], [20] and phase [21], [22] combinations
are the crucial parameters in Lissajous scanning. In partic-
ular, the scanning density (SD) is mainly dependent on the
ratio of driving frequencies. A scanner with a wide resonant
bandwidth ∼ 100 Hz has several integer frequency combina-
tions with large greatest-common-factors to achieve repeated
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high-SD images rapidly [19]. The greatest common factor of
two integer frequencies and their quotients are related to the
imaging speed and SD, respectively; thus, there is a tradeoff
relationship between imaging speed and SD [20]. However, the
miniature PZT scanner often has a narrow resonant bandwidth of
the order of several hertz [23], [24] to ∼ 1 Hz [25]; hence, it can
be challenging to find the best integer frequency combinations
in such cases.

The integer driving frequency can be chosen near the reso-
nant peak for such narrow-bandwidth scanners. However, the
high-Q-factor scanner does not allow a sufficient FOV at the
semi-resonant frequencies [17], [25]. As an alternative strategy,
frequency combinations with decimal numbers can be consid-
ered. If their frequency ratio is not a rational number, it results
in a non-repeating Lissajous pattern [26]. In the nonrepeat-
ing scanning pattern, the SD of each acquired image changes
continuously. This variation in SD sometimes produces poorly
sampled images, and a temporal averaging using the previously
sampled image has been used to increase both SD and the imag-
ing speed [27], [28]. However, the temporal averaging method
is susceptible to motion blurs. Moreover, all acquired images
have spatially enough SD at a fast imaging speed. To find the
desired non-repeating Lissajous pattern that can continuously
provide high SDs, we analyzed the frequency combination and
the time-delay difference affecting the SDs.

Although the predetermined condition for the desired Lis-
sajous pattern is found, the image matching phases (mapping
phases) should be modulated to compensate for the phase dif-
ference between the driving signal and actual beam path [29].
The phase difference between the driving signal and actual beam
position result from the resonant phase shifts ranging from −π
to 0 [30]. Image matching is the procedure used to identify
the actual phase, and hardware- or software-based solutions
have been suggested for image matching. Hardware-based so-
lutions involve additional parts for closed-loop control, such
as position-sensitive detectors [24] or reference apertures [30]
with integrated circuits [31], [32]; however, they cause more
complexity and increased dimensionality in the probe housing
design [24], which should be avoided for endomicroscopic
applications. Contrarily, software-based solutions use only the
acquired images to identify the actual phase [29], [33] without
sensor feedback; phase identification can be achieved by mod-
ulating the mapping phases via user interface either manually
or automatically while monitoring the acquired images. Hence,
software-based solutions have advantages in terms of cost and
simplicity of design of the endomicroscopic probe design.

In the present work, a probe-type Lissajous scanning confocal
endomicroscopy is presented using the modified phase-offset-
driven method. Confocal endomicroscopic systems can help
visualize in-vivo histological images with a relatively simple
setup and the fluorescent agent “fluorescein,” approved by the
Food and Drug Administration [34]. The presented system uses
the best combinations of both decimal frequencies and phases to
achieve consistently high SDs images, analyzed by MATLAB
software within the narrow frequency bandwidth. For the analy-
ses, the SD criterion is set to > 80%, which has been previously

Fig. 1. System configuration: optical section, electrical section, a com-
puter, and an imaging probe.

used as a threshold for real-time Lissajous scanning [16], [20].
In addition, the modified phase-offset-driven method is applied
to maintain the best Lissajous pattern by compensating for the
phase deviations from the optimal values. We demonstrate by
both MATLAB simulations and experiments that the modified
phase offset-driven method can preserve the best scanning pat-
terns, even if the actual phases deviate from the optimal values.

In the Lissajous scanner, an asymmetric configuration of the
optical fiber [17] or an additional attachable part [16], [24] has
been introduced to divide the resonant frequencies of the first
and second modes; the higher modes are generally not concerned
with a two-dimensional resonant fiber scanner using the PZT
tube actuator. We select the polyimide (PI) film as a frequency
separator because it offers several advantages, such as low
cost, good mechanical strength, and high dimensional stability,
which are promising for frequency separation in a resonant
fiber-scanning system [35]. Moreover, commercially available
PI films can be quickly adopted with the desired dimensions
before being attached to the fiber cantilever. By attaching the PI
film to the fiber cantilever, the PI-film-attached fiber cantilever
(PIF-FC) can resonate with the lever mechanism. Once the
optimal lever length is determined, the highest deflection of the
fiber cantilever is achieved with a narrow resonant frequency
bandwidth.

The rest of this article is organized as follows. Section II
presents the implementation of the PIF-FC Lissajous confocal
endomicroscopic system. Section III describes the modified
phase-offset-driven method. The images of USAF 1951 test
pattern, several plants, and a rat gastrointestinal tract are success-
fully acquired using our system. Finally, Section V concludes
this article.

II. PIF-FC LISSAJOUS CONFOCAL IMAGING SYSTEM

A. System Configuration

The configuration of the proposed confocal endomicroscopic
system is shown in Fig. 1. The system consists of the op-
tical section, electrical section, a computer, and an imaging
probe. The optical section constitutes a 488 nm laser (OBIS
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Fig. 2. (a) Inner structure of the scanning unit. (b) and (c) Images of
the PIF-FC from the xy and yz planes, respectively. (d) and (e) Images
of the implemented imaging probe.

488 nm, Coherent, Inc., USA), a double-clad fiber (DCF) cou-
pler (DC530SEFA, Thorlabs, USA), and a detection unit com-
prising one collimation lens, one emission filter, one focusing
lens, and a photomultiplier tube (PMT, R6355, Hamamatsu
Photonics K.K., Japan). The emission filter is placed in front
of the collimation lens to transmit the excited fluorescent light
at wavelengths of 520–530 nm. Then, light is illuminated on the
PMT through the focusing lens. The intensity of the collected
light is amplified and recorded with a computer through a data
acquisition (DAQ) unit (USB-6003 and PCIe-6374, National In-
struments, USA) in the electrical section. The electrical section
also includes a multichannel PZT driver (E-413.60, Pi Ceramic,
Germany) to operate the PZT tube actuator. The DAQ unit gen-
erates two sinusoidal waveforms to drive the PZT tube actuator,
and these are each amplified by a factor of 25 in the PZT driver.
The driving voltages are synchronized with signals from the
PMT using a common clock signal of 3.2 MHz. Then, the 8-bit
images are created with the mapping waveform and recorded
intensities. The imaging probe consists of the scanning unit and
objective lens, as indicated by the red-colored box in Fig. 1.

Fig. 2(a) shows the inner structure of the scanning unit; a
DCF (DCF530S, Caster Optics, Canada) is used as the scanning
optical fiber, and a commercial PZT tube actuator (Pi ceramic,
Germany) with an outer diameter of 3.2 mm and thickness of
0.5 mm is precisely manufactured to a length of 8.5 mm. The
end of the PZT tube actuator close to the fiber tip is fixed at the
probe housing using epoxy resin. In addition, four thin electrodes
are attached to each quadrant surface of the PZT tube actuator.
A lever mechanism can be introduced to increase the deflection
of the fiber cantilever. The reverse-mounted configuration has
been used to implement the lever mechanism with the PZT tube
actuator in literature [14], [23]. Here, we fixed a part of the fiber
cantilever at a fiber anchor, and the PZT tube actuator encloses
the remaining part. Then, the fiber cantilever is deflected by the
fiber holder coaxially connecting the fiber cantilever and PZT
tube actuator.

Fig. 3. (a) Schematic and parameters of the scanning unit. (b) Deflec-
tion results of a bare fiber cantilever and PIF-FC for the lever length. (c)
Frequency responses of the bare fiber along the scanning axes.

The PI film is then attached perpendicular to the fiber
cantilever using UV-curable epoxy to fabricate the PIF-FC.
Then, the PIF-FC is passed through the fiber holder made of rigid
polyamide-imides of a thickness of 0.05 mm. A hole is engraved
at the center of the fiber holder to fit the PIF-FC; thus, it is easy
to insert the PIF-FC, and the fiber holder can effectively transmit
the load generated by the PZT tube actuator. The fiber anchor
works as a fulcrum, and the PZT tube actuator load is exerted
on the fiber cantilever via the fiber holder. The manufactured
scanning unit’s outer diameter and rigid length are 4.4 mm and
12 mm, respectively.

Fig. 2(b) and (c) is the image of the PIF-FC along the xy
and yz planes, respectively. The PI film has uniform thickness
and is carefully manufactured to have the desired dimensions.
The assembled imaging probe is wrapped in a nonconductive
hypodermic tube, as shown in Fig. 2(d). Then, the fiber and
electrodes are enclosed within a polytetrafluoroethylene tube
for protection from excessive bending, as shown in Fig. 2(e).

B. Optimization of Film Dimension

Fig. 3(a) shows the schematic and parameters of the scanning
unit. First, the variable Lfc represents the length of the fiber
cantilever, which is defined as the distance from the fiber holder
to the fiber tip and is set to 10.25 mm. Lfc is determined
to have a predetermined offset of 0.5 mm from the objective
lens. Llv is the length of the lever, which refers to the part of
the fiber cantilever between the fiber anchor and fiber holder,
as indicated by the white dotted box. The PI film has three
defining parameters: w, h, and t, representing the width, height,
and thickness. w and h can be adjusted, whereas t is fixed at
0.08 mm, as it is the thickness of a commercially available PI
film we used.

According to the lever and elastic deformation mechanism,
an optimal lever length produces the highest deflection of the
fiber cantilever [36]. In this study, the optimal Llv is determined
experimentally using a bare fiber cantilever and PIF-FC, as
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shown in Fig. 3(b). A driving voltage amplitude of 25 Vpp is
applied for both cases. Lfc is fixed to maintain the distance
from the fiber tip to the first surface of the objective lens, and
the deflections of the fiber tip at its resonant frequency (fres) are
measured by varying Llv from 0.3 to 1.2 mm. The maximum
deflection of 0.69 mm is measured at Llv = 0.6 mm in the bare
fiber. The bare fiber is symmetric along the z-axis, so it has
almost similar flexural rigidities along the x- and y-axes.

On the other hand, PIF-FC has two different flexural rigidities
along the scanning axes, which affects the optimal lever length
[36]. The x-axis deflection is not affected much by the attach-
ment of the PI film owing to its low thickness; hence, the same
optimal Llv of 0.6 mm as the bare fiber is achieved. The PI film
attachment mainly affects the flexural rigidity along the y-axis,
resulting in a shift of the optimal Llv from 0.6 to 0.65 mm for a
PI film withw and h of 1.7 and 0.35 mm, respectively. This shift
can be varied in different dimensions of the PI film. However,
the shift amount of the optimal Llv can be confined by setting
the upper boundary of the y-axis stiffness. We decided to use
the Llv of 0.6 mm, which is also valid for the PIF-FC. Fig. 3(c)
depicts the frequency response of the bare fiber cantilever along
each scanning axis for the same Lfc and Llv of 0.6 mm.
A slight frequency separation, Δfres, of 4 Hz is observed
owing to the inherent asymmetricities of the components in
the scanning unit.

However, this difference is not large enough to exclude reso-
nance by the parasitic motion of the PZT along each axis; thus,
the scanning patterns of the bare fiber have elliptical shapes.
To determine the required frequency difference, Δf , to avoid
parasitic resonance, the frequency boundaries are selected such
that the fiber deflection cannot be further detected by the digital
microscope (INSPEX 3, Ash Technologies, Ireland); thus, a Δf
of 180 Hz is decided so that Δfres is larger than 180 Hz.

To separate the resonant frequencies, it is important to iden-
tify the tendency of Δfres with respect to the dimensions of
the attached PI film. The resonant frequency of the bare fiber

cantilever can be expressed as fres = C2

2πLfc
2

√
EI
ρA , where EI

is the flexural rigidity, ρ is the density, A is the cross-sectional
area of the PIF-FC, and C is a mode number constant [37]. EI
along the x-axis is always larger than y-axis in the proposed
design, and its difference increases as h of the PI film increases.
The variables h as well as w affect Δfres by changing a portion
of EIbare in the entire cantilever, and it is difficult to derive
an uncomplicated expression for Δfres with respect to all the
PI film-related parameters. To observe the effects of w and h
on the stiffness and Δfres of the PIF-FC, we implement finite
element analysis (FEA) using ANSYS software. The stiffness
of a fiber cantilever is proportional to the flexural rigidity as
κ = 3EI/L3

fc.
Fig. 4(a) shows the FEA results for the stiffness of the PIF-FC

along the x- and y-axes (κx and κy). There are no significant
changes in κx because of the small thickness of the PI film; in
other words, EIx has almost the same value as EIbare. On the
contrary, κy rapidly increases as w and h increase. The contour
lines of the stiffness ratio, κr( = κy /κx), are depicted on the
graphs. If κr is too large, driving voltages with large differences

Fig. 4. (a) and (b) FEA results of stiffnesses and resonant frequencies
of PIF-FC along both scanning axes. (c) Comparison between FEA and
experimental results. (d) FEA results of both frequency separation and
contour of the stiffness ratio as well as experimental data.

must be applied to produce similar deflections along the two
scanning axes. This can require extremely high voltages over
the allowed limits. Fig. 4(b) shows the resonant frequency, fres
, of each scanning axis, namely fxres

and fyres
. Here, fxres

does not change much with respect to h; however, it gradually
decreases as w increases. As the PI film approaches the fiber
tip, it works more like a mass, which reduces fres. The value
of fyres

increases as both w and h increase; however, this value
also decreases beyond w = 7 mm. To validate the FEA results,
the Δfres values of eighteen PIF-FCs having different w and h
values are measured, as shown in Fig. 4(c). The FEA results
are observed to be in good agreement with the actual data,
especially for small values of w below 2.5 mm. Based on the
FEA and experimental results, the optimal dimensions of the PI
film are selected to ensure that Δfres is greater than 180 Hz
and κr is less than 1.4, as indicated by the bold white and dark
arrows in Fig. 4(d), respectively. According to these criteria, the
dimensions of the PI film were chosen from the white-colored
area on the graph; the minimum value of h in this area is chosen,
as indicated by the blue-colored asterisk, to reduce the total
height of the PIF-FC. Hence, h = 0.35 mm and w = 1.7 mm
are determined to be the optimal dimensions of the PI film.

Fig. 5(a) shows the frequency responses of the deflections
of the PIF-FC at several voltage amplitudes. The maximum
deflections along the x- and y-axes are 550 μm and 470 μm at
driving frequencies of 1053.5 Hz and 1248.5 Hz, respectively;
the Δfres of 195 Hz is enough to eliminate the parasitic reso-
nance and enables the production of clear linear scan patterns,
as shown in the inset images between the two graphs. The gray
dotted lines indicate the cutoff frequencies, which are decided as
the frequencies at which the deflections decrease by> 15% from
the maximum values in this study. The cutoff frequencies are
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Fig. 5. (a) Frequency responses of the manufactured PIF-FC. (b) Lis-
sajous scanning image after passing through the objective lens. (c) and
(d) Measured lateral and axial resolutions of the implemented confocal
system, respectively.

used as the upper and lower boundaries in the frequency analysis,
which will be explained further in Section III. At the resonant fre-
quency, signals of amplitudes 21 Vpp and 28 Vpp are applied to
the x- and y-axes, respectively, creating a square scan area. This
produces a Lissajous pattern having 180 μm× 180 μm FOV
after passing through the objective lens, as shown in Fig. 5(b).
Fig. 5(c) and (d) is the measured lateral and axial resolutions
of 1.87 μm and 16.41 μm, respectively. The objective lens is
customized to have a working distance of 60 μm in water and a
magnification of 2.87.

III. MODIFIED PHASE-OFFSET-DRIVEN METHOD

A. Optimization of the Lissajous Scanning Pattern

To reconstruct an image from the measured PMT signals, it is
necessary to assign the measured intensities to the correct pixels
on the image. As shown in Fig. 6(a), three types of waveforms are
considered for this purpose, namely driving, actual, and mapping
waveforms, which are represented by the solid black-, red-,
and blue-colored lines, respectively. The dotted lines indicate
the waveforms at zero driving phases. The graphs along the
left side are on the phase axis, and the graphs along the right
side are on the time index axis. First, the driving waveforms
(Xdriv, Ydriv) have driving frequencies fx and fy and phases
ϕxdriv

and ϕydriv
, respectively. The driving phase offset is

denoted as Δϕdriv (ϕxdriv
− ϕydriv

). The actual waveforms
(Xact, Yact) are used to represent the fiber’s movement, and
the frequencies of the scanning fiber are assumed to be the same
as the driving frequencies. However, the actual phases,ϕxact

and
ϕyact

, have deviations from the driving signal, i.e., Δϕxact
and

Δϕyact
, ranging from −π to 0 [30], and they can be expressed

as follows:

Δ ϕiact
= atan

(
−2ξirif
1 − r2

if

)
+ nπ (1)

wherenπ is the phase unwrapping component, ξi is the damping
ratio, and rif is the ratio between the driving and resonant
frequencies; rif = fi /fires . It is necessary to know the actual

Fig. 6. (a) Parameters of three types of waveforms for image genera-
tion: driving, mapping, and actual. (b) Schematic of image reconstruction
during Lissajous scanning.

phase lags to reconstruct the correct image without distortion.
For image matching, the mapping waveforms, (Xmap, Ymap)
should be identical to (Xact, Yact). To identify the actual phase
without a sensor, a software-based phase calibration can be
applied by adjusting the mapping phases ϕxmap

and ϕymap
until

the interlaced features on the acquired image are eliminated
[29], [33]. Here, the driving and mapping waveforms are gener-
ated along with a discrete time index, ti ∈ {12, . . . , 10 × SN},
whereSN is the total number of the samples in 1 s and is equal to
3.2 × 106. The driving waveforms can be expressed as follows:[
Xdriv (ti)
Ydriv (ti)

]
=

(ps− 1)
2

[
sin (2πfxT (ti− tdxdriv

))) + 1
sin (2πfyT (ti− tdydriv

))) + 1

]
(2)

where ps is the number of pixels determined as 352, td is
the controllable time delay from the software, and T is the
time array; T = { ti

SN |ti ∈ {12, . . . , 10 × SN}}. Therefore,
T contains the sampled times of 10 s so that the wave-
form with frequencies up to one decimal place can be re-
peated. The mapping waveform is then generated by shifting
the sampled time index with the controllable delay indexes
dix and diy; Xmap (ti) = Xdriv (ti− dix) and Ymap (ti) =
Ydriv (ti− diy). The dix and diy can be changed during imag-
ing to modulate the mapping time delays, tdxmap

and tdymap
,

which can be expressed by tdxdriv
+ dix and tdydriv

+ diy ,
respectively. Each time delay can then be converted to phase
as follows: ϕx = 2πfx

SN tdx and ϕy =
2πfy
SN tdy . Changing the

delay indexes by one has the effect of adjustingϕxmap
andϕymap

by 0.118◦ and 0.140◦, respectively, at the driving frequencies
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Fig. 7. (a) Simulated result of SD at (fx, fy) =
(1053.5 Hz, 1248.5 Hz) and (dix, diy) = (810, 515). (b) Time delay
analysis to find the maximum value of SDmin at a given frequency
combination. (b1) Results of the mapping phases and SDmin at
different time-delays with the constant difference. (b2) Result of SDmin

at different time-delay differences.

around (1053.5 Hz, 1248.5 Hz). Therefore, the dix and diy are
used to match the mapping time delays with the actual time
delays, tdxact

and tdyact
.

In terms of image reconstruction, the upper image in Fig. 6(b)
shows a series of patterns for each frame during the Lissajous
scans; j indicates the index of each frame, and M denotes the
frame index for the 10 s period. In this study, each frame is
obtained at a rate of 320 Hz such that M is 3200. Each image
is acquired by accumulating several frames until the image has
sufficient SD. Here, i indicates the index of an image, and the
imaging speed can be controlled by the frame accumulation
number, N . In addition, R represents the image index at the
10 s period for which the imaging patterns are repeated and is
defined as M divided by N . The SD is calculated by dividing
the number of sampled data points by the total number of pixels.
Thus, a high SD can be obtained by increasing N , but there is
a tradeoff relationship between the imaging speed and SD. The
imaging speed is fixed at 8 Hz by setting N as 40. Then, R
becomes 80, and the scan patterns are repeated every 80 images.
Each image has a different SDi, with respect to the image index
i. As the scan patterns are repeated every 80 images, so is the
SD. SD is an array that includes all possible SDis during the
one period, i.e., SD = {SDi|i ∈ {12, . . . , R}}.

An example SD for one period is shown in Fig. 7(a); these
results are obtained from MATLAB simulations, with (fx, fy)
set to (1053.5 Hz, 1248.5 Hz) and driving phases set to all
zeros, such that tdxmap

and tdymap
are identical to dix and diy .

In addition, tdxmap
and tdymap

are 810 and 515, where ϕxmap

and ϕymap
correspond to 96.00◦ and 72.33◦, respectively. Each

delay index is experimentally determined to eliminate duplicated
artifacts on the acquired images at (1053.5 Hz, 1248.5 Hz).
The SD has large fluctuations with maximum and minimum
values (SDmax and SDmin) of 79.69% and 55.70%, respec-
tively. It can be clearly seen that a maximal number of pixels
are unsampled at the minimum SD. We found that SD graphs
obtained by the frequencies with one decimal place have a
period, TSD as follows:

TSD =
5

GCF (GCF (10 × fx, 10 × fy) , R/2)
(3)

where GCF (a, b) is the integer greatest-common-factor of a
and b. The detailed derivation on (3) can be found in the sup-
plementary material. In case of (1053.5 Hz, 1248.5 Hz), TSD

is 1 s and well-fitted with the simulation result. The calculation
of TSD thus enables finding the SDmin by calculating the SD
for one period, which can reduce the analysis time.

To analyze the tendency of SDmin with respect to the combi-
nations of time delays, SDmin is analyzed by modulating both
tdxmap

and tdymap
by ±20, as shown in Fig. 7(b). The black

arrow pointing towards the upper right corner, (b1), represents
the combinations in which Δtdmap (tdxmap

− tdymap
) is the

same constant. The graph (b1) is the result of the mapping phases
and SDmin at time delays of ±760 from their central values
(810 and 515) to analyze the mapping phases of 0◦ to 180◦,
and Δtdmap at this time has a constant value of 295. The red-
and blue-colored lines indicate ϕxmap

and ϕymap
, respectively.

Since the intervals ofϕxmap
andϕymap

have a ratio offx : fy , the
mapping phase difference changes with respect to the mapping
time delay. In contrast, SDmin has approximately constant
values with respect to the mapping time delay and changes less
than 0.2%, as indicated by the gray-colored line. Thus, it is
possible to assume that SDmin is dependent on Δtd and not the
individual values tdxmap

and tdymap
. As shown in Fig. 7(b2),

there exists an optimalΔtdmap,Δtdopt, that produces the largest
value for SDmin in a given frequency combination. Finding the
Δtdopt by modulating the delay indexes is called “time-delay
analysis” in this study. In addition, the calculation of SDmin

by changing the frequency combination is called “frequency
analysis”, and each frequency analysis is performed with the
time-delay analysis to obtain the maximum value of SDmin for
a given frequency combination. At (1053.5 Hz, 1248.5 Hz) ,
the maximum value of SDmin is 59.94%, with a Δtd of 285.

To observe the effects of time-delay analysis, max(SDmin)
is first analyzed at integer-frequency combinations within the
5 Hz bandwidth without time-delay analysis [see Fig. 8(a)] and
with time-delay analysis [see Fig. 8(b)]. The color bar indicates
the value of max(SDmin) from 0% to 100%, and the time-delay
analysis allows finding the maximum value of SDmin within a
given range of the time delay index, i.e., ±20 from the central
values. As shown in Fig. 8(d), there is only one desired fre-
quency combination that produces an SD > 80% without phase
analysis; the SD of 80.31% at (1055 Hz, 1250 Hz). However,
an additional combination is observed to have an SD of 81.52%
at (1054 Hz, 1250 Hz), withΔtdopt of 357, as seen in Fig. 8(e).
However, these integer frequency combinations deviate from the
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Fig. 8. Simulated results of the frequency analysis at integer frequency
combinations (a) without and (b) with time-delay analysis, and (c) dec-
imal frequency combinations with time-delay analysis; (d)–(f) Only the
desired combinations allowing SD > 80%.

resonant frequency by up to 1.5 Hz, as indicated by the white
dotted boxes. The frequency deviation of 1.5 Hz yields a max-
imum deflection loss of ∼ 60 μm in the implemented PIF-FC.
For a more precise analysis, the simulation is performed with
decimal frequency combinations with the time-delay analysis,
as shown in Fig. 8(c). As the amount of analyzed data increases
by 100 times, the analysis can be performed with more cases, and
tendencies that were not observed in integer combinations were
also visible; the SD tends to be significantly low at frequency
differences of 192 Hz and 197 Hz, as shown by the two diagonal
dark lines in Fig. 8(c). The decimal frequency analysis also
enables finding the twenty desired combinations; four of which
are within a 1 Hz boundary and one has only 0.3 Hz deviation
from the resonant frequency, with SD of 81.14% and Δdiopt of
261 as shown in Fig. 8(f).

The frequency analysis result within ±0.5 Hz from the res-
onant frequencies is shown in Fig. 9(a); three points are des-
ignated on the graph as (a1), (a2), and (a3), which correspond
to the three frequency combinations (1053.5 Hz, 1248.5 Hz),
(1053.6 Hz, 1248.7 Hz), and (1053.8 Hz, 1248.8 Hz), re-
spectively. On the right side of Fig. 9(a), the three graphs show
the values of SDmin with respect to Δtd at each frequency
combination. A randomized tendency of SDmin is achieved at
(a1), resulting in a maximum value of 59.94% for Δtd of 285.
The condition (a2) produces a maximum SDmin of 21.52%
for Δtd of 261, which rarely fills pixels. The best result is
achieved at (a3) for a maximumSDmin of 81.14% atΔtd=261.
In addition, SDmin shows a periodic sawtooth-like tendency.
Therefore, SDmin gradually decreases if Δtd deviates from the
Δtdopt. From this analysis, the best combination of frequencies
is determined as (1053.8 Hz, 1248.8 Hz) with the optimized
delay index difference of 261. Fig. 9(b) shows the simulated

Fig. 9. (a) Simulated results of the max(SDmin) for decimal frequency
combinations with time-delay analysis within ±0.5 Hz from the resonant
frequencies. (b) SD results of the optimized frequency combinations and
time-delay difference.

SD result at the optimal combination of frequencies and the time
delay difference. td′xmap

and td′ymap
are the arbitrary mapping

time delays that have a difference of Δtdopt. For example,
if (tdxmap

, tdymap
) = (810, 549), Δtd is 261, which is the

optimal time-delay difference at (1053.8 Hz, 1248.8 Hz) such
that Δ tdopt = 261. The fluctuations in the SD graph are sig-
nificantly reduced from that of Fig. 7(a), resulting in maximum
and minimum values of 82.28% and 81.14%, respectively. Two
representative scanning patterns are shown on the right side of
the graph. When SDi has a maximum value of 82.28%, unsam-
pled pixels are barely observed; even if SDi has a minimum
value of 81.14%, the unsampled pixels are not prominent.

B. Modification on Driving Phase-Offset

Even though the best frequency combination and Δtdopt are
found, Δtdact (tdxact

− tdyact
) is mostly different from Δtdopt

as a result of finding the actual phases by adjusting the delay
indexes. As shown in Fig. 10(a), the actual phases can require
the actual delay indexes of dixact

and diyact
with the deviations

Δdix andΔdiy from the desired values di′x and di′y . Here, di′x −
di′y has Δtdopt, and the difference of the deviations (Δdix −
Δdiy) is denoted asΔdidev . Therefore,Δtdact can be expressed
as Δtdopt +Δdidev . The graph in Fig. 10(a) is a simulated SD
result when ϕxdriv

and ϕydriv
are all-zeros, and Δdix and Δdiy

are+10 and−10, respectively, which results in aΔdidev of+20.
This deviation makes Δtdact different from Δtdopt, causing the
minimum SD to decrease from 81.14% to 58.49%.

To solve this problem, we applied the modified phase-offset
to the driving voltages, as shown in Fig. 10(b). The graph in
Fig. 10(b) is the simulated result when the modified driving
phase-offset,Δϕdriv , is applied. For simplicity,ϕydriv

is kept to
zero, and ϕxdriv

of Δϕdriv is applied. Δdiact is then calculated
by dixact

− diyact
, which are found by image matching. Δdidev
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Fig. 10. (a) SD graph when the actual phases are different from the
optimized values. (b) SD graph when the modified driving phase offset
is applied. (c) Gaussian interpolation. (d) Image matching by modulating
the mapping phases.

can be achieved by subtracting Δtdopt from Δdiact. In the
previous case where both driving phases are all-zeros, Δtdact is
the same with Δdiact which has a deviation of Δdidev from
Δtdopt. To compensate for Δdidev , Δtddriv of −Δdidev is
finally applied to subtract Δdidev , allowing tdact to be the same
with tdopt; thus, the driving phases (ϕxdriv

, ϕydriv
) of (Δϕdriv ,

0 ◦) with Δ ϕdriv = − 2πfx
SN Δdidev can be used as a modified

driving phase-offset. For Δdidev of +20, Δϕdriv of −2.37 ◦ is
applied, and the scan patterns return to their optimized states
with a minimal SD of 81.14%. This means that any values of
the delay indexes can obtain the optimized scanning pattern
because the Δdidev can be compensated by modulating the
driving phase-offset.

Even though the scanning pattern is optimized, there are
still inevitable unsampled blank pixels, as shown in Fig. 10(c),
which depicts the image of a lens-cleaning tissue soaked with
fluorescein. The origin of the image coordinates is located at the
bottom left, and the unsampled pixel coordinates are each found
whenever an image is acquired. As shown in the detailed image
within the yellow box, there are both unsampled and sampled
data pixels, which are denoted as (xus, yus) and (xs, ys), re-
spectively. To determine the intensities at the unsampled pixels, a
natural neighborhood interpolation method using a normalized
Gaussian weight is applied [20], [38]. The natural neighbor-
hood interpolation is a fast and simple method [20], and the

Gaussian weights are applied to achieve a denoised and reliable
interpolated image [38]. I(xus, yus) represents the intensities at
the unsampled pixels, (xus, yus), and I(xs, ys) represents the
intensities at the sampled pixels, (xs, ys). Here, the normalized
Gaussian kernel,G(xs, ys) has a size of 5 × 5 pixels as shown in
the red-colored box. Xkernel and Ykernel are the sets of x and y
coordinates within the kernel, respectively. The total number
of sampled pixels varies from one kernel to another, so the
normalization of G(xs, ys) is performed for each kernel. Then,
the weighted sum of the neighboring sampled intensities could
produce smooth interpolated results, as shown in the right side
of Fig. 10(c).

After interpolation, it is easier to match the actual phases
by observing the monitored image with enhanced quality. For
image matching, we roughly chose the initial delay indexes using
a graphical user interface and coarsely changed the values until
the acquired image was almost merged as shown in the leftmost
image of Fig. 10(d). The replicated features of a lens-cleaning
tissue can be observed along both scan axes, for dix and diy of
719 and 455, respectively. If dix is modulated from 719 to 729,
the interlaced images are merged along the x-axis. On the other
hand, the corrections can be applied along the y-axis when diy
is varied from 455 to 445. As shown in the rightmost panel of
Fig. 10(d), an accurate image of the lens-cleaning tissue can be
obtained at dix of 729 and diy of 445, respectively. The mapping
delay indexes now can represent the actual delay indexes dixact

and diyact
. In this study, this adjustment refers to the phase

calibration step that helps find the actual phases.
However, Δtdact has a deviation from the optimal value.

If both driving phases are all zeros, Δtdact is 284 in case
that (dixact

, diyact
) is (729, 445); because (tdxact

, tdyact
) is

identical to (dixact
, diyact

). Δtdact of 284 deviates from Δtdopt
by 23 such that Δ didev= 23. To compensate for the deviation
of 23, Δϕdriv of −2.73 ◦ can be calculated by the presented
driving phase-offset modification. As a result, (ϕxdriv

, ϕydriv
)

of (−2.73 ◦, 0 ◦) can be applied to shift the time index of Xmap

for 23 in the negative direction. Then, Δtdact becomes 261,
which is the same with the optimal value.

Here, we fixed the Δϕdriv after the first phase calibration
is completed. In addition, the image matching is performed
manually during imaging to compensate for the variations in
the actual phases. To see the effect of the variations in the
actual delay indexes on the SD, both delay indexes and SD were
recorded for 20 min while performing the image matching of
the lens-cleaning tissue. The red and blue lines in Fig. 11(a)
are the recorded values of dix and diy with the initial values
of 729 and 445, respectively. The delay indexes were modified
whenever image distortions occurred, and the black dotted-line
in Fig. 11(b) indicates the corresponding actual delay index
difference, Δdiact. The initial Δdiact is 284 which has Δdidev
of 23 from theΔtdopt (green dotted-line). TheΔϕdriv of−2.73◦

enables to reduce Δtdact (black rigid-line) by 23 as indicated
by the black rigid arrow. The maximal and minimal Δtdact
are 263 and 257, respectively; Δtddev ranges from −4 to 2.
Fig. 11(c) shows the recorded SDs during image acquisition
without and with a modified driving phase-offset, which are
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Fig. 11. (a) Graph of mapping phases during the 20 min image acqui-
sition. (b) Magnified graph of the mapping phase difference and optimal
phase difference. (c) Measured SDs without and with modification on
the driving phase-offsets. (d) Magnified graph from the interval of 10 to
10.4 min.

represented by the blue and red lines, respectively. The former is
achieved when the applied driving phases are zeros; thus, it does
not consider the Δtddev ranging from 19 to 25. There are large
fluctuations in the SD from 60% to 75%, as can be seen in the
blue line in the magnified graph in Fig. 11(d). On the contrary,
the red line is acquired by applying a driving phase-offset
of −2.73◦, which is calculated by using the initial Δdidev of
23. The recorded minimum SD was 79.26% when the mapping
phases were changed excessively, and an SD of 80% or more
was obtained in most cases, as expected from the simulation
results in Fig. 10(b)

IV. RESULTS AND DISCUSSION

The USAF 1951 test pattern and several plants were imaged
to show the capability of the proposed confocal imaging, with
the imaging speed of 8 Hz (see Video S1). Fig. 12(a) shows the
stitched image that includes patterns from groups 6 and 7 on
the USAF 1951 test chart. The line pairs and their numberings
are observed to be well distinguished. Plants are generally good
candidates for fluorescent imaging as their microstructures can
be observed with a simple staining procedure. First, the lower
epidermis of Arabidopsis thaliana grown for ten days is soaked
in fluorescein for 1 min to stain its cell membrane. In terms
of the lower epidermis, the pavement cells and stomatal pores
can be observed, and the morphologies of these components
are known to have jigsaw-puzzle- and bean-shaped features,
respectively [39]. The pavement cells and tiny stomatal pores
of ∼ 10 μm, surrounded by two guard cells, can be visualized
well, as shown in Fig. 12(b). Fig. 12(c) is an image of a tulip
petal soaked in fluorescein for 1 min; the epidermal cells with
elongated features are seen, along with the stomatal pore and
guard cells. The size of the stomatal pore of the tulip petal is
much larger than that of A. thaliana grown for ten days. The
shapes, sizes, and densities of the stomatal pores play essential
roles in plant research, such as physiological petal movements
and the investigation of signaling pathways [40]. Fig. 12(d) is
an image of the epidermis of an onion peel. It was stained by
dipping in fluorescein for 1 min. The epidermis of the onion peel
has stacked rectangular-shaped cells with prominent nuclei,
and the cell structure can be visualized well.

Fig. 12. Confocal images of the USAF 1951 test chart and several
plants (see Video S1). (a) Stitched image of the patterns in groups 6
and 7 on the USAF 1951 test chart. (b) and (c) Lower epidermis of the
Arabidopsis thaliana leaf and a tulip petal, respectively. (d) Onion peel
epidermal cells.

The gastrointestinal tract was extracted from a Sprague Daw-
ley rat grown for ten weeks as an animal sample. A 2% solution
of isoflurane (O2 100%) was used as a respiratory anesthetic.
A fluorescein solution of 1 mL (20 mg/mL) was introduced by
intravenous tail injection. The entire surgical procedure followed
the experimental protocol approved by the Animal Experiment
Ethics Committee of Daegu Gyeongbuk Institute of Science
and Technology (approval no. DGIST-IACUC-21042801-0001)
with every effort to alleviate the subject’s pain. The gastrointesti-
nal tract comprises several digestive organs from the mouth to
the anus, and ex-vivo images were acquired sequentially from
the esophagus to the colon at a rate of 8 Hz (see Video S2).
Fig. 13(a) depicts the image of the esophagus; several squamous
cells and clear spaces can be visualized well [41]. Fig. 13(b)
shows the corpus of the stomach; the gastric pits in the corpus
generally have roundish shapes, and this feature can be observed
[42]. The duodenal gland has a round pit in the middle, as seen
in Fig. 13(c), and the goblet cells can be recognized with their
black dots, as indicated by the yellow arrows. The colon images
are shown in Fig. 13(d); the patterns of the crypt lumen can
be identified from their known morphologies [43]. The ability
to image tissue morphology, such as the gastric and intestinal
glands, can provide important clues for diagnosing intestinal
metaplasia or cancer.

V. CONCLUSION

In this study, the Lissajous scanning system was implemented
using a commercial thin PI film-based frequency separator. In
addition, the modified phase-offset-driven method was proposed
to maintain a high SD of > 80% at the imaging speed of 8 Hz.
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Fig. 13. Confocal images of the GI tract of an SD rat (see Video S2).
(a) Esophagus. (b) Corpus of the stomach. (c) Duodenum. (d) Colon.

The PI film is a good candidate for a frequency separator in a
resonant fiber scanning system owing to its low cost, compact-
ness, dimensional flexibility, and stability. The results from FEA
and experiments were used to determine the width and height
of the optimized PI film as 1.7 mm and 0.35 mm, respectively.
The PIF-FC developed herein could be resonated with the lever
mechanism and had a sufficient frequency separation of 195 Hz.
In addition, 180 μm× 180 μm FOV is achieved with signals
of amplitudes 21 Vpp and 28 Vpp along the x- and y-axes,
respectively.

To find the optimal combination of decimal frequencies and
time delay difference, the SDmin was analyzed by both the
frequency and time-delay analysis. In addition, the modified
driving phase offset could be applied to the driving voltages to
compensate for the actual phase shift. These methods of finding
and maintaining the optimal nonrepeating Lissajous pattern are
particularly beneficial for a system with a high Q-factor, which
may be difficult to achieve with an optimized combination of
integer frequencies in terms of high SD and imaging speed. The
images were acquired from the USAF 1951 test chart, several
plants, and different parts of a rat gastrointestinal tract to demon-
strate the ability of the system to visualize microstructures.

In future works, automatic modulations of the mapping delay
indexes and driving phase offset can be considered. The pro-
posed system requires manual changes to the mapping delay
indexes at this time to correct the acquired images, and the
driving phase is maintained constant after phase calibration.
For automatic image matching, the sharpness of the image can
be calculated and used to continuously modulate the mapping
phases [29], [33]. At the same time, the modified driving phase
offset can be applied to preserve the optimal pattern in real-
time. A phase-locked-loop-based control scheme or additional
circuitry can be implemented to deliberately change theΔϕdriv

during scanning. It means that both image matching and opti-
mized scan patterns can be automatically achieved. This method
may be applied to all Lissajous scanning systems, enabling the
continuous acquisition of high SDs with good imaging speeds.
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