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Abstract

The imaging performance of a Lissajous scanning two-photon microscopy system employ-
ing an ultra-compact electrostatic MEMS mirror depends critically on the stability of the
scanning trajectory. However, asymmetry in driving circuit parameters and the response
of the MEMS mirror introduce amplitude error and phase delay, resulting in trajectory
distortion and degraded imaging performance. We establish an experimental characteriza-
tion platform to evaluate the amplitude and phase responses of the driving circuit and the
MEMS mirror. The frequency response of the MEMS mirror under sinusoidal excitation
further reveals the phase delay between the driving signal and the mechanical motion. A
two-photon microscopy imaging system is constructed to experimentally validate and cor-
rect image distortions induced by the driving circuit and response of the MEMS mirror. The
research establishes a systematic framework for the realization of low-distortion Lissajous
scanning in two-photon microscopy and miniaturized endoscopic imaging systems.

Keywords: MEMS mirror; Lissajous scanning; two-photon microscopy; phase delay;
parametric resonance

1. Introduction
Two-photon microscopy (TPM) employs a near-infrared femtosecond laser to excite

two-photon fluorescence [1,2]. It offers deep tissue penetration and optical sectioning,
as well as minimal photodamage and photobleaching, thereby enabling high-resolution
fluorescence imaging in deep biological tissues [3–5]. Consequently, the development
of miniaturized and endoscopic TPM has become a critical research direction, enabling
imaging in freely moving animals and offering potential for early diagnosis of deep-tissue
diseases such as cancer [6–10].

Micro-Electro-Mechanical System (MEMS) mirrors are key beam-scanning components
for the miniaturization of TPM, featuring compact form factors, low power consumption,
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and rapid dynamic response [11–13]. Based on the principle of electromechanical cou-
pling, MEMS mirrors achieve dynamic deflection of microscale reflective mirrors under
externally applied driving fields. Depending on the actuation mechanism, MEMS mirrors
are primarily categorized into piezoelectric [14], electrothermal [15], electromagnetic [16],
and electrostatic [17] types. Electrostatic actuation enables large scan angles and low
power consumption at high operating frequencies, whereas electromagnetic actuation
requires external magnets that increase device size, and electrothermal actuation suffers
from relatively slow response speeds [18,19]. The scanning patterns of MEMS mirrors
primarily include raster scanning, spiral scanning, and Lissajous scanning [20]. Lissajous
scanning has been extensively integrated into ultra-compact probes, owing to high scanning
uniformity, flexible trajectory parameter selection, and strong robustness [21].

However, Lissajous scanning is sensitive to drive signals and device characteristics,
leading to critical non-ideal factors in dual-axis MEMS mirror scanning applications [22].
Inconsistencies in the amplitude–frequency responses of the driving circuit, together with
phase and amplitude deviations between the dual-axis driving signals, can disrupt the
ideal Lissajous trajectory. In addition, the MEMS mirror cannot respond instantaneously
to the applied excitation because of its mechanical dynamics, including inertia, elasticity,
and damping. Under parametric resonance excitation, the frequency-dependent elec-
tromechanical response of the MEMS mirror can further introduce variations in scanning
amplitude and phase delay [23]. The combined influence of these factors can distort
the ideal Lissajous trajectory, thereby causing geometric image distortion and loss of the
effective field of view (FOV).

Previous studies have improved Lissajous scanning through trajectory optimization,
actuator monitoring, and image-based correction. Birla et al. proposed an image-metric-
based method for phase estimation and registration correction [24]. Manosalvas-Kjono et al.
developed an integrated amplitude–phase monitor for direct measurement of actuator
response [25]. Zhang et al. investigated Lissajous trajectory optimization and error compen-
sation in MEMS scanning systems [26], and subsequently combined feedforward control
with image reconstruction in a quasi-static MEMS-based TPM system [27]. The image-based
method starts with a global phase search, the actuator-monitoring approach uses dedicated
sensing electronics, and the measurement-based TPM correction was demonstrated with
a quasi-static MEMS mirror. However, for parametrically resonant electrostatic MEMS
mirrors, it remains unclear how measured circuit amplitude errors can guide drive ad-
justment and how measured circuit and mirror phase delays can narrow the image-based
phase search.

Thus, we investigate amplitude error and phase delay in an ultra-compact electrostatic
MEMS mirror used in a Lissajous scanning TPM imaging system through both theoretical
analysis and experimental validation. First, we analyze the amplitude–frequency response
characteristics of the driving circuit under parametric resonance conditions and identify
the error sources in the dual-axis driving signals. Second, the resonant response and
phase delay of the MEMS mirror under sinusoidal excitation are experimentally measured.
Finally, we establish a TPM imaging platform and perform imaging using a fluorescent
target and pollen granules to validate the impact of trajectory error on imaging quality and
the effectiveness of the proposed correction method. This study presents a measurement-
based approach to characterizing and correcting trajectory errors in parametrically resonant
MEMS Lissajous scanning: circuit amplitude measurements guide drive adjustment, while
measured circuit and mirror phase delays narrow the image-based search before images of
the fluorescent target are used to determine the final compensation phases.
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2. Materials and Methods
2.1. Principle of Lissajous Scanning

In 2D optical scanning imaging, Lissajous scanning is a trajectory generated by simul-
taneously applying continuous sine or cosine drive signals along two orthogonal axes (X
and Y). The corresponding kinematic model can be expressed as follows:{︄

x(t) = Ax sin(2π fxt + φx),

y(t) = Ay sin(2π fyt + φy).
(1)

where x(t) and y(t) denote the spatial positions of the scanning point in the Cartesian
coordinate system at time t. Ax and Ay represent the scanning amplitudes, which directly
determine the FOV. fx and fy denote the scanning frequencies along the X- and Y-axes,
while φx and φy denote the initial phases.

The morphology, geometric complexity, and temporal characteristics of a Lissajous
scanning trajectory are fundamentally determined by the relationship between the scanning
frequencies fx and fy. When fx and fy are positive integers with a greatest common divisor
gcd( fx, fy), Equation (2) holds [28]. The parameters nx and ny denote the lobe numbers,
which represent the elapsed number of the X-axis or Y-axis periods [29].

fx

fy
=

gcd( fx, fy) nx

gcd( fx, fy) ny
(2)

If the time variable t in Equation (1) is eliminated, the trajectory equation can be
obtained as

sin(nx φy − ny φx) = sin
(︃

nx sin−1 y
Ay

− ny sin−1 x
Ax

)︃
(3)

The Lissajous trajectory is governed by the parameter nx φy − ny φx. In TPM systems,
the phases φx and φy of the Lissajous scanning trajectory are primarily influenced by
several factors, including the initial phases of the driving signals, the phase delay of the
MEMS mirror, and the time delay introduced during signal transmission in the driving
circuit. Therefore, accurate analysis and characterization of the phase relationship within
the system are essential to ensure consistency between the actual and theoretical scanning
trajectories. Furthermore, such analysis and characterization also play a critical role in
reducing reconstruction artifacts and distortion, thereby improving overall imaging quality.

The frame rate (FR) of Lissajous scanning is defined as the inverse of the pattern
repetition period, expressed as FR = gcd( fx, fy). The imaging quality strongly depends on
the trajectory line density within a single frame. The scanning pattern number of lobes,
denoted by N, determines the trajectory density. For given phases φx and φy, and under
the constraint of the maximum achievable operating frequency, increasing nx + ny leads to
a higher scanning density.

N = nx + ny =
fx

FR
+

fy

FR
(4)

According to Equation (4), an inherent trade-off exists between N and FR, indicating
that scanning density and FR are mutually constrained. Suitable values for fx and fy should
be chosen to balance scanning density and FR. Figure 1a shows the color map of the GCD
based on different scanning frequencies. Figure 1b shows a color map of the number of
lobes N for an X-axis frequency range of 22,710–22,900 Hz and a Y-axis frequency range of
7330–7700 Hz. The maximum (N ≥ 2753) and minimum (N ≤ 462) values correspond to
white and red, respectively.
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Figure 1. (a) Color mapping of the greatest common divisor (GCD). (b) Color map of the total
lobe number (N), with the colormap ranging from red (minimum, N ≤ 462) to white (maximum,
N ≥ 2753).

Lissajous scanning is employed to generate a 512 × 512 pixel image. Whenever the
trajectory passes through a pixel location, a counter is incremented. The fill factor is
calculated by checking whether the counter at each pixel is non-zero. For the frequency
pair of 22,720 Hz and 7420 Hz used in the simulation, the initial phases were set to 0◦ with
106 sampling points. The fill factor in a 512 × 512 pixel grid was 97.84%, corresponding to
an imaging FR of 10 fps. When the Y-axis phase shifts from 0◦ to 1◦, the fill factor decreases
to 89.61%, as shown in Figure 2. For the parametrically resonant MEMS mirror used in this
work, the mechanical scanning frequency is one-half of the corresponding electrical driving
frequency, as described in Section 2.2.

Figure 2. Simulated fill factor of Lissajous scanning with 106 sampling points and an image size of
512 × 512 pixels. (a) fx = 22,720 Hz, fy = 7420 Hz, φx = 0◦, φy = 0◦, with a fill factor of 97.84%.
(b) fx = 22,720 Hz, fy = 7420 Hz, φx = 0◦, φy = 1◦, with a fill factor of 89.61%.

2.2. Principle of an Ultra-Compact Electrostatic MEMS Mirror

Figure 3 illustrates the schematic of the ultra-compact 2D electrostatic MEMS mirror.
The device operates under parametric resonance and is driven by the nonlinear torque
arising from electrostatic comb drives. Applying a driving voltage Vk(t) generates a driving
torque Tk due to the capacitance gradient relative to the rotation angle θk. The orthogonal
axes are actuated by separate comb-drive sets and operate in well-separated frequency
bands, allowing their responses to be modeled independently under the selected operating
conditions. For k ∈ {x, y}, the equation of motion is given by:
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Jk θ̈k + bk θ̇k + kkθk = Tk(t, θk) (5)

where Jk is the moment of inertia, bk is the damping coefficient, and kk is the torsional
spring constant, while θk is the rotation angle of the torsion bar. Tk is the driving torque
applied to the corresponding axis. The driving torque in the comb drive structure originates
from the electrostatic energy gradient with respect to the rotation angle. The resulting
torque can be expressed as:

Tk(t, θk) =
1
2

dC
dθk

Vk(t)2 (6)

where dC
dθk

denotes the capacitance gradient, and Vk is the applied voltage. The driving
voltage is typically expressed as:

Vk(t) = Ak sin(2π fkt + ϕk) (7)

where Ak denotes the driving voltage amplitude, fk represents the driving frequency, and
ϕk is the phase of the driving voltage. f0 denotes the natural resonance frequency of the
corresponding mechanical mode. According to the Mathieu equation, when the driving
frequency fk approaches 2 f0/n (typically n = 1), the MEMS mirror enters an unstable
region (Mathieu Tongues), leading to large-amplitude oscillations [30].

Figure 3. Schematic diagram of the MEMS mirror and an enlarged view of a partial structure.

The MEMS mirror can be modeled as a second-order mechanical vibration system
characterized by inertia, elasticity, and damping. When an external signal periodically
modulates the system parameters via electrostatic force, the system fails to synchronize
instantaneously with the driving signal. Instead, it requires a finite energy accumula-
tion period to establish a steady-state oscillation, leading to a temporal delay in angular
displacement that manifests as a phase delay. Environmental conditions also affect the
dynamic response of the MEMS mirror. For example, temperature variations may alter
the elastic modulus and structural stress of the material, while changes in air pressure
and humidity influence air damping characteristics. In addition, external mechanical dis-
turbances or vibrations may affect the transient response of the system. Therefore, in a
Lissajous scanning system based on the MEMS mirror, phase delay is inherent and exhibits
nonlinear characteristics.

The electrical driving path includes digital-to-analog conversion (DAC) and high-
voltage amplification for MEMS actuation. Signal propagation through these stages in-
troduces a finite time delay τ, resulting in a frequency-dependent phase delay ∆ϕ in the
electrical excitation.

∆ϕk = π fkτk (8)

The Lissajous trajectory of the laser scan can be expressed by Equation (9):

k(t) = Dk sin(π fkt + ϕk − ∆ϕk − φk( fk)) (9)
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where k(t) represents the actual scanning position along a single axis, Dk is the maximum
scanning amplitude, and fk is the driving frequency, while ∆ϕk and φk( fk) denote the
positive phase delays introduced by the driving circuit and the MEMS mirror response, re-
spectively. Throughout this manuscript, a positive phase delay denotes a lag relative to the
nominal trajectory; therefore, both delay terms appear with negative signs in Equation (9).
According to Lissajous scanning theory, the frequencies of the two axes determine the
scanning density, while the phases affect the trajectory shape. Phase delay causes the actual
scanning trajectory to diverge from its ideal path, resulting in spatial mapping errors during
the image reconstruction process. To evaluate the impact of phase on image reconstruction
quality, we generated a Lissajous scanning trajectory via numerical simulation. In the
simulation, the driving frequencies were set to fx = 22,720 Hz and fy = 7420 Hz, with both
initial phases set to 0◦, and discrete sampling was performed at a rate of 107 samples/s.
Upon incorporating a 45◦ phase offset into each scanning axis, the resulting reconstructed
image exhibits pronounced overlapping artifacts, as illustrated in Figure 4.

Figure 4. (a) Original image. (b) Image reconstruction with a phase delay of 45◦ on the driving
signal of the MEMS mirror Y-axis. (c) Image reconstruction with a phase delay of 45◦ on the driving
signal of the MEMS mirror X-axis. (d) Image reconstruction with 45° phase offsets applied to both
scanning axes.

3. MEMS Mirror Scanning System Measurement
3.1. Frequency Response of the MEMS Mirror

We constructed an experimental setup to characterize the dynamic response of the
MEMS mirror, as illustrated in Figure 5. The measurement system uses a ZYNQ control
board (Beijing Transcend Vivoscope Biotech Co., Ltd., Beijing, China) to generate two
channels of driving signals. A PDu150 high-voltage amplifier (PiezoDrive, Newcastle,
NSW, Australia; bandwidth: 180 kHz; output noise: 26 µV RMS) amplifies the drive signals
for the MEMS mirror. The amplifier output was a continuously applied sinusoidal voltage
with a DC offset. The MEMS mirror driving voltages reported in this study refer to the peak-
to-peak values measured at the amplifier output; at 60 V, the electrode voltage varied from 0
to 60 V, corresponding to a 30 V DC offset and a 30 V sinusoidal amplitude. The laser beam
was incident on the stationary MEMS mirror at an angle of 45◦ to its surface normal, and the
screen was positioned perpendicular to the reflected beam in this stationary configuration.
The scan angle was measured with one axis driven at a time. As the mirror oscillated,
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the instantaneous incidence angle changed, and the two extreme positions of the reflected
beam formed a laser line on the screen. The full optical scan angle θ was calculated as:

θ = 2 arctan
(︃

L
2D

)︃
(10)

where D is the distance from the mirror to the screen along the stationary reflected beam,
and L is the separation between the two extreme positions of the reflected beam on the
screen. This expression assumes that these positions are approximately symmetric about
the stationary beam position.

Figure 5. Schematic diagram of the frequency response measurement system for the MEMS mirror.

We characterized the scan angle of the MEMS mirror as a function of driving fre-
quency at 60 V. Each target frequency was measured in a separate sweep. Before each
sweep, the drive was switched off until the projected laser line disappeared and the mir-
ror stopped oscillating. The X- and Y-axis downsweep started at 23,500 and 8500 Hz,
respectively, whereas the upsweep started at 22,650 and 7000 Hz, respectively. The driv-
ing frequency was stepped toward each target in 2 Hz increments, with the waveform
applied for 100 electrical cycles at each frequency step. After reaching the target frequency,
the drive was maintained until the projected laser-line length appeared stable. The line
length was then measured once, and the corresponding optical scan angle was calculated
using Equation (10). The resulting characteristics are depicted in Figure 6.

Experimental results indicate that at a driving voltage of 60 V, the MEMS mirror ex-
hibits pronounced oscillation during the downsweep mode. As the frequency approaches
approximately 22,710 Hz, the full optical scan angle reaches a maximum of 12.33◦, whereas
the peak angle is limited to 7.1◦ in the upsweep mode. Under the same conditions, the max-
imum scan angles of the Y-axis are 15.6◦ and 3.44◦ in downsweep and upsweep modes,
respectively. Leveraging the enhanced scan angles attained during downsweep mode, we
can select driving frequencies that simultaneously satisfy FOV and FR constraints while
ensuring imaging stability.

We measured the full optical scan angle at different driving voltages while holding
the driving frequency at 22,800 Hz for the X-axis and 7500 Hz for the Y-axis. As shown in
Figure 7, the X-axis scan angle increased from 7.68◦ to 9.54◦ as the voltage increased from
31 to 59 V. The Y-axis scan angle increased from 6.3◦ to 8◦ as the voltage increased from 18
to 58 V. No clear saturation plateau was observed within these measured voltage ranges.

https://doi.org/10.3390/mi17111212
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Figure 6. (a) Scanning characteristics of the MEMS mirror along the X-axis under a sinusoidal
driving voltage of 60 V. (b) Scanning characteristics of the MEMS mirror along the Y-axis under a
sinusoidal driving voltage of 60 V. The reported angles are full optical scan angles derived from
the projected laser-line lengths. The black and red arrows indicate the frequency downsweep and
upsweep directions, respectively.

Figure 7. (a) Relationship between driving voltage and scan angle of the X-axis at a driving frequency
of 22,800 Hz. (b) Relationship between driving voltage and scan angle of the Y-axis at a driving
frequency of 7500 Hz. The lines connect individual measurements and do not represent a fitted
response model.

According to Lissajous scanning theory, a trade-off exists between scanning density
and FR. At a driving voltage of 60 V, the MEMS mirror exhibits an operating frequency
range of 22,710–22,900 Hz along the X-axis and 7330–8200 Hz along the Y-axis. At an image
acquisition rate of 10 fps, three driving-frequency pairs were selected within the measured
downsweep response to compare how frequency-dependent scan angles affect the imaging
FOV, as summarized in Table 1. In general, the selection of frequency pairs that balance FR
and scanning density near the maximum scan angle leads to optimal imaging performance.

3.2. Amplitude and Phase Errors in the Driving Circuit

As shown in Figure 8, we constructed an experimental setup to measure the system
phase delay and amplitude error of the driving circuit. The setup consists of a driving signal
generator, a MEMS mirror, a position-sensitive detector (PSD, PDQ80A, Thorlabs, Newton,
NJ, USA), and an oscilloscope. The PSD has a spectral response range of 400–1050 nm,
a manufacturer-recommended beam diameter of 1.0–3.9 mm, a nominal bandwidth of
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150 kHz, and a nominal transimpedance gain of 10 kV/A. An oscilloscope was used to
simultaneously acquire the original driving signals (X1/Y1) from the ZYNQ control board
and the amplified signals (X2/Y2) from the high-voltage amplifier, enabling measurement
of the amplitude and phase delay introduced by the high-voltage amplifier. The measured
peak-to-peak voltage of the amplified signal was approximately ten times that of the ZYNQ
output under the tested conditions. A 635 nm laser (GCI-07-635-20, DHC, Beijing, China)
illuminated the MEMS mirror at an incidence angle of 45◦. The mirror aperture limited
the portion of the incident beam reflected toward the detector, and the reflected spot was
positioned within the detector’s active area. The PSD generated differential analog signals
(X3/Y3) from the quadrant photocurrents, and these outputs were connected directly
to the oscilloscope. The electrode-drive signals (X2/Y2) served as the references for the
corresponding PSD outputs (X3/Y3), and the response phase delays were determined using
the procedure described in Section 3.3. The PSD signals were used for phase measurement
without conversion to absolute spot position or mechanical angular displacement. The full
optical scan angle was measured independently using the screen-based method described
in Section 3.1.

Table 1. Selected operating parameters for Lissajous imaging. The dash indicates that the FOV was
not measured for the 22,720/7422 Hz frequency pair.

FR (fps) fx (Hz) fy (Hz) Nx Ny FOV (µm × µm)

10 22,720 7420 1136 371 119 × 119
10 22,760 7520 1138 376 82 × 82
10 22,860 7760 1143 388 37 × 37
1 22,720 7422 11,360 3711 –

Figure 8. Schematic diagram of the Lissajous trajectory measurement platform based on a MEMS
mirror. PSD: position-sensitive detector. DC power: direct current power supply.

We used an oscilloscope to measure the output driving signals (X2/Y2) of the high-
voltage amplifier. As shown in Figure 9a, the signal amplitudes were recorded at different
frequencies to characterize the frequency response of the driving circuit. The phase dif-
ference between the X-axis and Y-axis driving signals is shown in Figure 9b. Comparison
between input and output waveforms quantified specific propagation delays of 740 ns and
910 ns for the X-axis and Y-axis, respectively. These delays result in a frequency-dependent
phase delay, providing a basis for subsequent phase compensation.

Guided by the previously characterized amplitude error and phase delay, the exper-
iment implemented a sinusoidal excitation at 22,776 Hz (X-axis) and 7884 Hz (Y-axis).
An oscilloscope tracked the real-time output signals of the high-voltage amplifier. In X–Y
mode, the Lissajous trajectory without compensation is shown in Figure S1a, whereas the
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trajectory after applying amplitude (3.8 V) and phase (1.5◦) compensation is shown in
Figure S1b.

Figure 9. (a) Frequency response of the driving circuit. (b) Phase difference between the X- and Y-axis
driving signals.

3.3. Phase Delay of the MEMS Mirror

We characterized the phase delay of the PSD-detected MEMS mirror response using
the experimental configuration depicted in Figure 8. A laser beam illuminated the MEMS
mirror at a 45◦ incidence angle, and the PSD converted the reflected-beam position into
an electrical signal. The electrode-drive voltage (X2/Y2) and the corresponding PSD
output (X3/Y3) were acquired simultaneously using an oscilloscope and selected as the
first and second sources, respectively, for its automatic phase measurement. Acquisition
was performed at 50 MSa/s in normal mode with DC coupling and rising-edge triggering.
Automatic phase measurements were evaluated in the main time-base window spanning
1.0 ms. The phase reading was calculated from the relative timing of the selected rising
edges and normalized to the electrical driving period. Because the mechanical scanning
period was twice the electrical driving period, this reading was divided by two to express
the phase delay in terms of the mechanical scanning period. The appropriate phase branch,
among two branches separated by 180◦, was selected from the waveform alignment relative
to a fixed synchronized half-frequency reference. The resulting phase delays are reported
in the range [0◦, 360◦), with positive values denoting lag relative to this reference. This
procedure used waveform timing without sinusoidal fitting or separate extraction of the
fundamental component. The reported phase delays include any contribution from the
PSD and its internal electronics.

For each axis and driving voltage, each target frequency was reached through a
separate downsweep, and the phase delay was measured once at that target frequency.
The phase delay in downsweep mode is shown in Figure 10, revealing that the phase delay
correlates positively with both driving voltage and frequency. To compare the phase delays
at 40, 50, and 60 V, the frequency intervals were restricted to those at which a measurable
response was obtained at all three voltages; these common intervals are narrower than the
60 V downsweep ranges shown in Figure 6. Specifically, at a peak-to-peak driving voltage
of 60 V, the phase delay ranges from 152◦ to 161.5◦ for the X-axis (22,720–22,900 Hz) and
131.1◦ to 147.3◦ for the Y-axis (7360–7600 Hz).

To evaluate how phase delay influences the MEMS scanning trajectory, we drove
the X- and Y-axes at 22,800 Hz and 7600 Hz, respectively. This 3:1 driving-frequency
ratio produces a relatively simple Lissajous trajectory, making phase-induced changes
in the projected laser pattern easier to observe. An oscilloscope monitored the driving
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signals (X2/Y2) in X–Y mode to establish the reference Lissajous trajectory shown in
Figure S2a. The driving signals were applied to the MEMS mirror, and the reflected laser
beam generated a scanning trajectory on the screen. Owing to the intrinsic phase delay
in the MEMS response, the phase relationship between the X-axis and Y-axis vibrations
changed, resulting in significant distortion of the Lissajous trajectory, as shown in Figure S2b.
Finally, applying phase compensation of 152◦ and 145◦ to the X-axis and Y-axis, respectively,
successfully rectified the scanning trajectory, as shown in Figure S2c.

Figure 10. (a) Phase delay of the MEMS mirror X-axis response under driving voltages of 40–60 V.
(b) Corresponding phase delay of the Y-axis response.

4. Imaging Results
4.1. TPM Imaging System

Figure 11 illustrates the schematic of the TPM system integrated with an electrostatic
MEMS mirror. A 780-nm femtosecond laser serves as the excitation source, the beam
of which is fiber-delivered and collimated via lens L1 before being directed onto the
MEMS mirror. The MEMS mirror facilitates 2D scanning by modulating the incident
beam trajectory. The scanned beam is subsequently relayed through a scan lens (SL) and
reflected by a dichroic mirror (DM) into the objective lens, which focuses the light onto
the specimen. The induced two-photon fluorescence (420–580 nm) is captured through the
same objective, coupled into a collection fiber via lens CL, and detected by a photomultiplier
tube (PMT). For signal acquisition, the PMT photocurrent is transduced into a voltage
signal (±1 V) using a transimpedance amplifier (60 MHz bandwidth) and specialized
conditioning circuitry.

The ZYNQ control board consists of a driving circuit, a data acquisition (DAQ) circuit,
and an Ethernet communication circuit. The MEMS driving circuit includes a DAC con-
version circuit and a bias adjustment circuit. A high-voltage amplifier drives the MEMS
mirror by amplifying the output signals. The DAQ circuit (12 MS/s sampling rate, 16-bit
resolution, ±1 V input range) records fluorescence signals from the PMT. The Ethernet
communication circuit enables communication and control between the PC and the imaging
system, while the PC performs Lissajous scanning control and image reconstruction.

4.2. Imaging Performance Evaluation

The calibrated MEMS mirror was integrated into a TPM probe with a numerical
aperture (NA) of 0.6 and a working distance of 1200 µm. To rectify FOV distortion, we
used the fluorescent target to calibrate the scan phases employed in image reconstruction.
At electrical driving frequencies of 22,720 Hz for the X-axis and 7420 Hz for the Y-axis,
reconstruction phase offsets of 194◦ and 214.5◦, respectively, substantially reduced image
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distortion. Here, a positive effective phase delay δk denotes a lag of the sampled trajectory
relative to the nominal reconstruction trajectory. The compensation offset ck is added to the
phase argument of the sinusoidal reconstruction coordinate and expressed within [0◦, 360◦):

ck = mod(−δk, 360◦), k ∈ {x, y}. (11)

Both delays and offsets are expressed with respect to the corresponding mechanical
scanning periods. Thus, the reconstruction offsets of 194◦ and 214.5◦ correspond to effective
delays of 166◦ and 145.5◦, respectively. Figure 12 compares the images obtained without
compensation, with single-axis compensation, and with compensation on both axes.

Figure 11. Schematic diagram of the TPM imaging system based on a two-dimensional MEMS mirror.
(L1, collimator; SL, scan lens; CL, collection lens; DM, dichroic mirror.)

The driving circuit introduced phase delays of 6.1◦ for the X-axis at 22,720 Hz and 2.4◦

for the Y-axis at 7420 Hz. The corresponding phase delays obtained from the PSD-detected
MEMS response were 152◦ and 138.1◦, respectively. The sums of these measured delays
were 158.1◦ for the X-axis and 140.5◦ for the Y-axis, differing from the image-derived
effective delays by 7.9◦ and 5.0◦, respectively. The measured and image-derived delays,
their equivalent time representations, and the characterization status of the individual
contributions are summarized in Table S1 of the Supplementary Materials. These residual
discrepancies may reflect the different timing responses of the PSD detection chain used
for calibration and the fluorescence-detection and data-acquisition chain used for imaging,
together with variations in environmental and operating conditions. The independently
measured delays provide initial estimates that narrow the phase-search range, while the
final reconstruction offsets are determined empirically from the fluorescent target images.

To quantify the image improvement shown in Figure 12, we measured the spreading
of the two straight lines in the fluorescent target. For each condition, a mean-intensity
projection was calculated from the corresponding raw grayscale TIFF stack. Intensity
profiles perpendicular to the vertical and horizontal target lines were then obtained by
taking the median along each line. The width Wx describes the horizontal spreading
of the vertical line, whereas Wy describes the vertical spreading of the horizontal line.
After background subtraction, the target line and its duplicate, when present, were included
in the calculation. For either direction q ∈ {x, y}, the intensity-weighted centroid and line-
spread width were calculated as:
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ūq =
∑u∈Ωq u gq(u)

∑u∈Ωq gq(u)
(12)

Wq =

⌜⃓⃓⎷∑u∈Ωq gq(u)(u − ūq)2

∑u∈Ωq gq(u)
(13)

where q ∈ {x, y}, gq(u) is the background-corrected intensity profile, and Ωq contains the
pixels associated with the target line and any detected duplicate. Both Wx and Wy are
expressed in pixels.

Figure 12. TPM images of the fluorescent target reconstructed with different phase offsets. (a) No
reconstruction phase compensation. (b) Y-axis reconstruction phase offset of 214.5◦ only. (c) X-axis
reconstruction phase offset of 194◦ only. (d) Both reconstruction phase offsets applied.

As shown in Table 2, compensating only one scanning axis reduced line spreading
predominantly in one image direction, whereas substantial spreading remained in the
other direction. With compensation applied to both axes, Wx decreased from 140.52 to
5.81 pixels and Wy decreased from 51.00 to 5.38 pixels relative to the uncompensated image.
These measurements quantitatively support the reduction in crosshair ghosting and line
broadening visible in Figure 12.

Table 2. Crosshair line-spread widths measured from the mean-intensity projections of the raw TIFF
stacks corresponding to Figure 12.

Panel Phase Compensation Wx (Pixels) Wy (Pixels)

(a) Neither axis 140.52 51.00
(b) Y-axis only 7.90 50.36
(c) X-axis only 138.11 7.95
(d) Both axes 5.81 5.38
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The imaging FOV was characterized using a custom fluorescent target containing
square-grid features with dimensions of 25 µm and 10 µm. The physical extent of each
reconstructed image was determined from the number of resolved grid intervals and
their known dimensions. Because the optical scan angle of the MEMS mirror varies with
the driving frequency, different frequency pairs produce different imaging FOVs at the
sample plane. At X/Y electrical driving-frequency pairs of 22,720/7420 Hz, 22,760/7520 Hz,
and 22,860/7760 Hz, the measured imaging FOVs were approximately 119 µm × 119 µm,
82 µm × 82 µm, and 37 µm × 37 µm, respectively. Representative FOV measurements at
driving-frequency pairs of 22,720/7420 Hz and 22,860/7760 Hz are shown in Figure 13.
For images reconstructed on a 512 × 512 grid, these values correspond to nominal pixel
spacings of approximately 0.23, 0.16, and 0.072 µm/pixel, respectively. Here, the imaging
FOV is defined as the physical extent covered by the reconstructed image of the fluorescent
target at the sample plane.

Figure 13. (a) FOV measurement with X-axis driving frequency of 22,720 Hz and Y-axis driving
frequency of 7420 Hz. Scale bar: 25 µm. (b) FOV measurement with X-axis driving frequency of
22,860 Hz and Y-axis driving frequency of 7760 Hz. Scale bar: 10 µm.

To demonstrate imaging performance, the phase-corrected system was used to im-
age pollen granules at driving frequencies of 22,720 Hz and 7420 Hz. Figure 14 illus-
trates the resulting two-photon image, which incorporates the calibrated phase compen-
sations of 194◦ (X-axis) and 214.5◦ (Y-axis) to ensure spatial fidelity. The reconstructed
image demonstrates the effectiveness of the proposed compensation method in mitigating
scanning-induced artifacts.

Figure 14. Two-photon image of pollen granules after phase compensation (FOV: 119 µm × 119 µm).

https://doi.org/10.3390/mi17111212

https://doi.org/10.3390/mi17111212


Micromachines 2026, 17, 1212 15 of 17

5. Conclusions
This study presents an experimental characterization of amplitude and phase er-

rors in an ultra-compact electrostatic MEMS-based Lissajous TPM system. Analytical
characterization reveals that circuit parameter asymmetry and the frequency response
of the driving circuit induce significant signal deviations. The MEMS mirror exhibits
typical second-order dynamic behavior under sinusoidal excitation, characterized by a
substantial phase delay relative to the driving input. A dedicated measurement system
was developed to quantify the electromechanical response delay, providing an effective
reference for phase compensation. Experimental validation through TPM imaging of flu-
orescent target and pollen granules confirms that the proposed compensation framework
effectively suppresses geometric distortion and enhances spatial fidelity. Consequently,
this study establishes a practical measurement-based methodology for characterizing
and compensating phase errors in parametrically resonant MEMS-based Lissajous scan-
ning systems. Future research will extend this approach to high-filling-density Lissajous
endoscopy, aiming to improve imaging efficiency and reduce the computational burden
of data acquisition.

Supplementary Materials: The following supporting information can be downloaded at
https://www.mdpi.com/article/10.3390/mi17111212/s1, Figure S1: (a) Lissajous scanning trajectory
of the driving circuit before amplitude and phase compensation. (b) Lissajous scanning trajectory
after amplitude and phase compensation. Figure S2: (a) Output trajectory of the driving signals.
(b) Lissajous scanning trajectory of the MEMS mirror before phase compensation. (c) Lissajous
scanning trajectory of the MEMS mirror after phase compensation. Table S1: Measured and derived
delays at electrical driving frequencies of 22,720 Hz for the X-axis and 7420 Hz for the Y-axis.
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The following abbreviations are used in this manuscript:

TPM Two-photon microscopy
MEMS Micro-electro-mechanical system
FOV Field of view

DAC Digital-to-analog converter
ADC Analog-to-digital converter
PSD Position-sensitive detector
DAQ Data acquisition
PMT Photomultiplier tube
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