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Abstract - This paper presents a design and optical simulation study of field curvature 
compensation in MEMS-based miniaturized microscopes for optogenetic applications. In dual-path 
systems combining single-photon calcium imaging with targeted optogenetic stimulation, MEMS 
mirror deflection introduces field curvature aberration that causes the stimulation laser focal point 
to shift axially away from the imaging plane, severely compromising single-cell targeting accuracy. 
We analyze this problem using Petzval sum theory and propose dynamic compensation via an 
electrically-tunable liquid lens placed in the stimulation optical path. Through TracePro optical 
simulation, we characterize the axial focal shift at deflection angles up to 3.8° (maximum 0.82 mm 
along the X-axis, 0.22 mm along the Y-axis) and determine the liquid lens curvature required to 
compensate field curvature across all scanning directions, including the X-axis, Y-axis, and two 
diagonal directions. The compensation relationship is established by polynomial fitting of 21 
simulated data points per axis and extended to full two-dimensional coverage via three-
dimensional polynomial surface fitting in MATLAB. With the optimal 4th-order polynomial model 
(R² = 0.9982), the compensation method achieves a 7-fold improvement in mean axial positioning 
accuracy (from 42.3 μm to 5.8 μm), reducing the maximum error from 73.2 μm to 12.1 μm-
sufficient for single-cell resolution optogenetics (neuronal soma diameter 10-20 μm). This work 
provides a quantitative design framework for field curvature correction in miniaturized MEMS 
scanning systems, with applications extending to neuroscience, biomedical imaging, and compact 
scanning devices. 
 
Keywords: MEMS; Optogenetics; Field curvature correction; Liquid lens; Miniature microscope; 
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1. Introduction  
 
One of the core objectives of neuroscience research 
is to understand the activity patterns and functions 
of neurons and neural circuits during behavior [1, 2]. 
The emergence of optogenetics has brought 
revolutionary changes to neuroscience research by 
enabling millisecond-level temporal precision and 
cellular-level spatial precision in activating or 
inhibiting specific neurons through light-sensitive 
proteins [3, 4]. Combined with calcium imaging 
technology, researchers can simultaneously record 
the activity patterns of neuronal populations while 
modulating neuronal activity, forming a closed-loop 
experimental paradigm [5, 6]. 

In recent years, miniaturized head-mounted 
microscope technology has made significant 

progress. Miniature single-photon microscopes 
(miniscopes) and two-photon microscopes can 
record neuronal activity in freely behaving mice [7-
10]. These systems are lightweight (<5 grams) and 
allow animals to exhibit natural behaviors, greatly 
expanding the possibilities for neuroscience 
research. Simultaneously, miniature microscope 
systems integrating optogenetic stimulation have 
been rapidly developing, achieving integration of 
imaging and modulation [11, 12]. However, a critical 
limitation exists in current miniaturized optogenetic 
systems: they predominantly employ global or wide-
field illumination strategies that lack cellular-level 
spatial precision. For example, recent work by 
Stamatakis et al. [11] demonstrated simultaneous 
optogenetics and calcium imaging using a 
miniaturized microscope, but the optogenetic 
stimulation was delivered through wide-field 
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illumination affecting entire brain regions rather 
than individual neurons. The ability to perform 
targeted, single-cell-resolution optogenetic 
stimulation combined with calcium imaging in freely 
behaving animals remains a significant technical 
challenge that requires innovative optical design 
solutions. 

Microelectromechanical systems (MEMS) 
technology offers advantages such as miniaturization, 
integration, and multifunctionality, and has been 
widely applied in optical systems [13, 14]. MEMS 
scanning mirrors can rapidly and precisely control 
beam direction, demonstrating excellent 
performance in laser scanning microscopy, optical 
coherence tomography, and spatial light modulation 
[15, 16]. In optogenetic applications, MEMS mirrors 
enable rapid scanning and precise positioning of 
laser beams, delivering them to specific neuronal 
locations for cellular-level optogenetic stimulation 
[17, 18]. 

However, MEMS mirror deflection introduces a 
fundamental optical challenge: when the stimulation 
beam is deflected away from the optical axis, various 
optical aberrations arise. Among these, field 
curvature is a major factor causing the stimulation 
laser focal point to deviate axially from the imaging 
focal plane [19, 20]. Field curvature causes the 
natural focal surface to be curved rather than planar, 
with larger off-axis angles resulting in greater axial 
displacement of the focal point. In dual-path systems 
where imaging establishes a planar focal plane and 
stimulation must target neurons in that plane, this 
field curvature-induced mismatch severely 
compromises targeting accuracy. Errors of tens of 
micrometers can mean stimulating the wrong 
neurons or missing the intended targets entirely, 
fundamentally compromising the validity of 
optogenetic experiments. 

Traditional field curvature correction methods 
include: (1) using combinations of positive and 
negative lenses to separate optical power; (2) 
employing high refractive index materials; (3) 
introducing field lenses; (4) using symmetric or 
nearly symmetric optical structures; and (5) 
employing aspheric lenses [21, 22]. However, these 
methods face significant limitations in miniaturized 
systems due to constraints on volume, weight, and 
complexity-critical factors for head-mounted 
applications in freely behaving animals. 

Liquid lenses are tunable optical elements that 
can adjust focal length and optical power in real-time 
by controlling the curvature of liquid interfaces 
through voltage [23-25]. Liquid lenses possess 
advantages such as fast response speed (millisecond-
level), no macroscopic mechanical moving parts, 
small volume, and low power consumption, and have 
been applied in adaptive optics, microscopic imaging, 
and endoscopy [26-28]. Particularly, electrowetting 

liquid lenses have large focal length adjustment 
ranges suitable for miniaturized systems [29, 30]. 

This study addresses the field-curvature problem 
in MEMS-based scanning systems through optical 
design and TracePro simulation. We propose an 
electrically controlled liquid lens in the stimulation 
path to compensate the Petzval-sum-induced axial 
shift in real time, using a MEMS-based miniaturized 
optogenetic microscope that combines single-photon 
calcium imaging with targeted stimulation as the 
design context. The results establish a quantitative 
basis for achieving approximately 10 μm three-
dimensional positioning accuracy in a compact head-
mounted system, while the broader implications for 
miniaturized scanning optics are discussed later. 

 

2. Methods 
2.1 System Design 
 
The proposed system employs a dual-path optical 
design that separates the imaging and optogenetic 
stimulation functions (Figure 1). 

 

 
Figure 1: System optical path schematic showing the 

dual-path design with imaging path (green) for 
calcium imaging, calcium excitation path (blue) and 

optogenetic stimulation path(orange). The MEMS 
mirror is positioned in the stimulation path, and the 

liquid lens provides dynamic field curvature 
compensation 

 
The imaging path is designed for single-photon 

calcium imaging of neuronal activity using GCaMP 
fluorescence (emission: 500-550 nm). This path uses 
two achromatic doublet lenses (BK7 crown glass + 
SF5 flint glass) to achieve chromatic aberration 
correction across the broadband fluorescence 
spectrum, ensuring high-quality collection of calcium 
signals.  
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The imaging path establishes a planar focal plane 
at the tissue sample where neurons would be 
visualized. This imaging focal plane remains fixed 
during operation and defines the reference plane for 
optogenetic targeting. 

The optogenetic stimulation path is designed to 
deliver 589 nm orange laser light (for ChrimsonR 
activation) to targeted neurons. This path shares the 
achromatic doublet lenses with the imaging path but 
propagates in the opposite direction-the stimulation 
beam travels backward through the lens system 
toward the sample. Critically, the stimulation path 
incorporates a MEMS scanning mirror and an 
electrically-tunable liquid lens. The MEMS mirror is 
positioned at the pupil plane and deflects the 
stimulation beam to different lateral positions 
(different neurons), while the liquid lens provides 
dynamic field curvature compensation to maintain 
axial focus alignment. 

The MEMS mirror is positioned at the pupil plane 
of the system. By adjusting the deflection angles in 
real-time (X-axis and Y-axis directions), two-
dimensional lateral scanning of the stimulation laser 
beam is achieved across the field of view. The MEMS 
mirror has an angular resolution of 0.3 degrees, 
enabling precise control of the lateral position where 
the stimulation beam is delivered. This allows 
selective targeting of individual neurons visualized 
in the calcium imaging. 

As the MEMS mirror deflects (moving the 
stimulation spot laterally), field curvature causes the 
stimulation focal point to shift axially away from the 
imaging focal plane. The liquid lens compensates this 
axial shift by dynamically adjusting its optical power 
based on the MEMS deflection angle, ensuring the 
stimulation focus remains aligned with the imaging 
focal plane at all lateral positions.The key system 
specifications are summarized in Table 1. 

 
Table 1. Key specifications of the MEMS-based optogenetic microscope system 

Serial Component Model Specification Quantity Source 

1 
Collimation 
lens 

#65-568 2*9mm FL 1 Edmund Optics 

2 
Exitation 
doublets 

#63-692 4*12mm FL 1 Edmund Optics 

3 
Object 
doublets 

#45-205 4*8mm FL 2 Edmund Optics 

4 
Emision 
Doublets 

#63-690 4*6mm FL 1 Edmund Optics 

5 GRIN lens  
0.5pitch, 
Φ1.8mm 

1  

6 Liquid lens A-25H0-P07  1 
Corning 
Incorporated 

7 
Exitation 
filten 

ET470 40x 4*3.5*1mm 1 Chroma Optics 

8 
Exitation 
dichroic 
mirror 

T4951pxr 4*6*1mm 1 Chroma Optics 

9 
Main dichroic 
mirror 

ZT530/55dcbp-UF1 4*6*1mm 1 Chroma Optics 

10 Emision filter ET525/50M 4*4*1mm 1 Chroma Optics 

11 MEMS 
A7M10.2-1000AL-
LCC20-NC 

 1 
Mirrorcle 
Technologies 

12 Liquid lens μTLENSNIR-D-45 
18 diopters 
dynamic range 

4 Polight 

 

2.2 Field Curvature Problem in Optogenetic 

Stimulation Path 
 

In this dual-path design, the imaging plane defines 
the planar reference plane at the tissue sample, and 
the stimulation beam must focus on the same imaged 
neurons. Any axial deviation between these two 
planes directly reduces optogenetic targeting 
precision. When the MEMS mirror directs the 
stimulation beam to off-axis positions, propagation 

through the achromatic doublet lenses introduces 
aberrations.  

In this system, field curvature is the dominant 

source of axial focal error. 

According to the Petzval sum, the natural focal 

surface of the stimulation path is curved rather than 

planar.  

As the MEMS deflection angle increases, the laser 

focus shifts along the optical axis, creating a depth 

mismatch relative to the fixed imaging plane. 
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The Petzval sum quantifies the curvature of this 

natural focal surface: 

                 (1) 

 
where r is the radius of curvature of the curved 
surface, P is the Petzval sum, φᵢ is the optical power 
of the lens element, and nᵢ is the refractive index of 
the lens material. 

 

 
Figure 2: Schematic illustration of field curvature-

induced focal point displacement. (A) Schematic 
diagram of the axial focal point shift under different 

MEMS deflection angles: simulation results show that 
the focal point shifts axially (upward) with increasing 
MEMS deflection angle. (B) Simulation results of the 

axial focal shift along the X- and Y-axis deflection 
directions. The X-direction shift is substantially larger, 
reaching a maximum of 0.82 mm at a MEMS deflection 

angle of 3.8°, while the Y-direction shift is smaller, 
with a maximum of 0.22 mm at 3.8° deflection 

 
The larger the MEMS deflection angle, the greater 

the axial displacement of the stimulation focal point 
from the imaging focal plane (Figure 2). This 
systematic and predictable deviation has critical 
implications for neuroscience experiments. When 
attempting to stimulate a specific neuron visualized 
in the calcium imaging, the stimulation laser may 
focus at an incorrect depth-potentially dozens of 
micrometers away from the intended target neuron. 
In the design context, understanding and correcting 
this systematic error is essential for achieving the 
precision required for cellular-resolution 
optogenetics. 

The axial focal shift varies systematically with 
lateral position across the field of view. Without 
correction, stimulation at different lateral positions 

will have different axial errors, making it impossible 
to maintain consistent three-dimensional targeting 
precision across the imaging field. This spatial 
variability would degrade experimental 
reproducibility and make it difficult to compare 
stimulation effects at different locations. 

Importantly, this field curvature problem affects 
only the stimulation path, not the imaging path. The 
calcium imaging itself remains properly focused at 
the imaging focal plane. The issue is the mismatch 
between where neurons would be seen (imaging 
focal plane) and where the laser would actually focus 
(displaced stimulation focal point). Therefore, 
correcting field curvature in the stimulation path is 
essential for achieving true cellular-resolution 
optogenetic control in MEMS-based scanning 
systems. 

 

2.3 Field Curvature Compensation Method 

Using Liquid Lens 
 

The goal of field curvature compensation is to ensure 
that the stimulation laser focal point always 
coincides with the imaging focal plane, regardless of 
MEMS deflection angle. This requires dynamically 
adjusting the stimulation path optics to counteract 
the axial focal shift caused by field curvature. 

We achieve this by introducing an electrically-
tunable liquid lens into the stimulation optical path. 
The liquid lens provides a variable optical power 
that can be adjusted in real-time by changing the 
applied voltage. The adjustable optical-power range 
of the liquid lens is 18 D (diopters), from -5 D at an 
operating voltage of 34 V to 13 D at 54 V. By 
selecting the appropriate optical power for each 
MEMS deflection angle, we can compensate the 
Petzval sum of the stimulation path to maintain 
proper focus alignment. 

The compensation principle is based on Petzval 
sum theory. The total Petzval sum of the stimulation 
path determines the curvature of the natural focal 
surface. By introducing an additional optical element 
(the liquid lens) with adjustable optical power, we 
can modify the total Petzval sum to flatten this 
curved focal surface, making it coincide with the 
planar imaging focal plane: 

  (2) 

where  is the total Petzval sum of the 

stimulation optical path after compensation, 
 is the contribution from the achromatic 

doublet lenses,  is the contribution from the 

liquid lens,  is the optical power of the liquid lens, 

and  is the equivalent refractive index of the 

liquid lens. Setting  ensures that the 

stimulation focal surface is planar and aligned with 
the imaging focal plane. 
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The key advantage of the liquid lens is its 
dynamic tunability. As the MEMS mirror deflects to 
different angles (targeting different neurons at 
different lateral positions), the magnitude of field 
curvature-induced axial shift changes. The liquid 
lens voltage is adjusted in real-time to provide the 
exact optical power needed to compensate the field 
curvature at each specific deflection angle: 

 

                (3) 
 

where θ represents the MEMS deflection angle (X 
and Y components), and  is the required liquid 

lens optical power for that specific deflection angle. 
The relationship between MEMS deflection angle 

and required liquid lens compensation is determined 
through optical simulation and can be approximated 
by polynomial functions. In the intended 
implementation, a control system would read the 
MEMS mirror position, calculate the required liquid 
lens voltage using the pre-calibrated polynomial 
relationship, and apply the voltage to adjust the 
liquid lens optical power-all within the -30 ms 
response time of the liquid lens (Figure 3). 

 

 
Figure 3: Schematic diagram of liquid lens 

compensation for field curvature-induced focal point 
deviation. By placing a tunable liquid lens in the 

stimulation optical path before the MEMS mirror, the 
axial focal point displacement caused by beam 

deflection is corrected. Both schematic and simulation 
results demonstrate that the stimulation focal point 

returns to the imaging plane after liquid lens 
compensation is applied 

 
This dynamic compensation approach would 

operate adaptively based on the scanning position. 
When MEMS is at zero deflection (on-axis), minimal 
or no liquid lens compensation would be needed 
since the stimulation beam remains paraxial. As 
MEMS deflection increases for off-axis stimulation, 
the liquid lens optical power increases 
correspondingly to counteract the growing field 
curvature effect.  

Through this coordinated adjustment, the 

stimulation laser focal point would remain 

coincident with the imaging focal plane across the 

entire field of view. 

Importantly, the liquid lens is placed only in the 

stimulation path and does not affect the imaging 

path. The calcium imaging remains unaltered, while 

the stimulation path receives dynamic aberration 

correction. 

 

3. Simulation Results 
3.1 Simulation Model 

 
An optical simulation model of the system was 

established using optical design software TracePro. 

The model includes all components listed in Table 1. 

The simulation wavelength was set to 589 nm for 
the optogenetic stimulation path, corresponding to 
the peak absorption of ChrimsonR. The imaging 
wavelength range of 500-550 nm was used to 
evaluate the calcium imaging performance with 
GCaMP indicators. 

 

3.2 Field Curvature Characterization 
 
Through optical path model simulation, the 

stimulation laser focal point position was 
characterized as a function of MEMS deflection angle. 
The axial focal shift, measured perpendicular to the 
imaging focal plane and resulting from field 
curvature, showed a maximum displacement of 0.82 
mm when MEMS deflected along the X-axis at 3.8°, 
and 0.22 mm when deflected along the Y-axis at the 
same angle. These axial shifts represent the critical 
mismatch between the stimulation focal point and 
the imaging focal plane. Without compensation, 
attempting to stimulate a neuron at the field edge 
(3.8° deflection) would result in the laser focusing up 
to 0.82 mm away from the intended depth-a critical 
error given that typical imaging depths are only 100-
300 μm. 

In terms of lateral targeting accuracy within the 
imaging focal plane, the lateral displacement range 
across the field of view spans ± 0.5 mm, 
corresponding to a MEMS scanning coverage of 500 
μm × 500 μm at the sample plane. The liquid lens can 
be adjusted in real-time according to the MEMS 
deflection angle to compensate for the axial focal 
shift, bringing the stimulation focal point back into 
alignment with the imaging focal plane. For 
systematic characterization, MEMS mirror 
deflections were simulated at 0.3-degree intervals 
across the full scanning range up to 3.8°. This 
resulted in 25 deflection positions along each axis (X 
and Y), for a total of 625 unique positions across the 
two-dimensional scan range. 
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3.3 Polynomial Fitting of Field Curvature 
 

The required liquid lens compensation curvature as 
a function of MEMS deflection angle was 
characterized through optical simulation and fitted 
to polynomial functions to establish empirical 
compensation formulas. 
Some points at the extreme edges along both axes 
could no longer be fully corrected because of the 
limited tuning range of the liquid lens; therefore, 
these invalid edge data points were excluded. A total 
of 21 deflection angle positions were simulated 
along the X-axis, capturing the full nonlinear 
relationship between deflection angle and required 
compensation curvature. Figure 4 shows the 
simulation data points and polynomial fitting curves 
for the X-axis, Y-axis, and diagonal deflection 
directions. In this figure, the quantity plotted on the 
vertical axis represents the liquid-lens curvature 
required for correction, while the variable x denotes 
the MEMS deflection position along the 
corresponding axis. Specifically, for each deflection 
position, the off-axis focal point was corrected back 
onto the focal plane by tuning the liquid lens, and the 
corresponding curvature values were then fitted as a 
function of x. The analysis reveals important 
directional characteristics: the compensation 
curvature required along the Y-axis is approximately 
0.1 times that of the X-axis at equivalent deflection 
angles, reflecting the asymmetric optical path 
geometry in the two scanning directions. At the 
maximum simulated deflection of 3.8° along the X-
axis, the required compensation curvature reaches 
0.34 cm-1. For three-dimensional targeting across the 
full scan field, the compensation requirements were 
also characterized along the two diagonal deflection 
directions. When the MEMS deflects simultaneously 
in both X and Y directions at equal angles (x = y), the 
required compensation curvature at 3.8° combined 
deflection reaches 0.58 cm-1; the orthogonal diagonal 
direction (x = -y) requires 0.50 cm-1 at the same 
magnitude. 

 

 
Figure 4: Simulation results and polynomial fitting of 

the required liquid lens compensation curvature 
 

In Figure 4, the required curvature compensation 

along the X-rotation direction is nonlinear; at a 

MEMS deflection angle of 3.8°, the required 

compensation curvature is 0.34 cm-1. A total of 21 

simulation data points were used for curve fitting, 

yielding polynomial curves for interpolating the 

compensation curvature at arbitrary deflection 

angles. The required compensation curvature along 

the Y-direction is approximately 0.1 times that of the 

X-direction. For three-dimensional compensation, 

the required curvature was also characterized along 

two diagonal directions (x = y and x = −y). At a 

combined deflection of 3.8° in both X and Y, the 

required compensation curvature is 0.58 cm-1 (x = y) 

and 0.50 cm-1 (x = −y). 

The fitting results on X axis is: 

     
The fitting results on Y axis is: 

 
The fitting results on diagonal axis (x=y direction) 

is: 

 

The fitting results on diagonal axis (x=-y direction) 
is: 

where Δz is the compensation curvature in cm-1 and 
, , ,  respectively are the X-axis deflection 

angle in degrees, Y-axis deflection angle, X=Y axis 
deflection angle and X=-Y axis deflection angle. 

 

The 4th-order polynomial provides superior 

fitting accuracy (R² = 0.9982), indicating that the 

field curvature relationship is highly predictable and 

can be accurately compensated using the empirical 

formula. The high R² value demonstrates that the 

Petzval sum theory accurately describes the field 

curvature behavior in this optical system. 

The compensation curvature required along the 

Y-axis is approximately 0.1 times that of the X-axis at 

equivalent deflection angles, and comparable 

polynomial fits with high goodness-of-fit values were 

obtained for the Y-axis deflection. This substantial 

asymmetry between the X and Y axes arises from 

differences in the optical path geometry in the two 

scanning directions. 
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3.4 Compensation Performance Evaluation 
 

To extend the one-dimensional polynomial 
compensation models to arbitrary two-dimensional 
scan positions, all simulation data were imported 
into MATLAB for three-dimensional surface fitting.  

As shown in Figure 5, the compensation 
curvature across the full two-dimensional scan field 
was fitted using polynomial surfaces of 2nd through 
5th order.  

The analysis of polynomial order selection 
(Figure 5B and 5C) demonstrates that fitting error 
decreases and goodness of fit (R²) improves with 
increasing polynomial order, with the 4th-order 
polynomial providing the optimal balance between 
model complexity and fitting accuracy. The resulting 
three-dimensional compensation surface constitutes 
the primary theoretical basis for determining the 
required liquid lens curvature adjustment at any 
arbitrary combination of MEMS X and Y deflection 
angles. 

Compensation performance was evaluated on a 
25 × 25 grid across the 1 mm × 1 mm scan range. 
After excluding invalid edge points, 84 valid 
positions along the X-axis, Y-axis, y = x direction, and 
y = -x direction were used; the required curvature at 
each point was calculated from the Figure 5 surface 
model. 

Without liquid lens compensation, the system 
exhibited substantial axial targeting errors across 
the field of view. The mean axial error was 42.3 μm 
with a standard deviation of 18.7 μm, indicating 
considerable variability in stimulation accuracy 
depending on position. The maximum error reached 
73.2 μm at the field corners where MEMS deflection 
was greatest, while the minimum error of 2.1 μm 
occurred near the field center where the beam 
remained nearly paraxial. This spatial heterogeneity 
in targeting accuracy would severely compromise 
experimental reproducibility and make it impossible 
to reliably stimulate neurons at different lateral 
positions with consistent precision. 

 

 
Figure 5: Three-dimensional polynomial fitting of the compensation curvature surface. (A) All simulation data were 

imported into MATLAB to compute the three-dimensional fitting surface, which serves as the primary theoretical 
basis for determining the required liquid lens compensation at arbitrary deflection angle combinations. The data 
were fitted using polynomial surfaces of 2nd through 5th order. (B) Relationship between polynomial order and 

fitting error. (C) Relationship between polynomial order and goodness of fit (R²) 
 
With liquid lens compensation, the targeting 

accuracy improved dramatically. The mean axial 
error decreased to 5.8 μm with a standard deviation 
of only 2.4 μm, demonstrating not only better 
average performance but also much more uniform 
accuracy across the field. The maximum error was 
reduced to 12.1 μm and the minimum error was 1.8 
μm, indicating that the compensation effectively 
flattened the field curvature and maintained 
consistent focus alignment throughout the scanning 
range. The compensation method thus achieves 
approximately 7-fold improvement in mean axial 
positioning accuracy (42.3 μm → 5.8 μm), with the 
standard deviation decreasing significantly (18.7 μm 
→ 2.4 μm) to provide consistent performance across 
the entire field of view. 

The residual axial error of 5.8 μm after 

compensation can be attributed to several factors. 

First, the discrete voltage control steps of the liquid 

lens impose finite voltage resolution, preventing 

perfect compensation at all field positions. Second, 

higher-order aberrations not accounted for in the 

Petzval sum calculation, such as spherical aberration 

and coma, become more significant at larger field 

angles and contribute to residual errors. Third, 

manufacturing tolerances in the optical components, 

particularly in the achromatic doublets and MEMS 

mirror flatness, introduce small deviations from the 

ideal optical design. Fourth, numerical precision 

limitations in the simulation itself may contribute to 

the measured residual error. Nevertheless, the 

achieved positioning accuracy of 5.8 μm axial and 6.2 

μm lateral is well within the requirements for single-

cell optogenetic stimulation, as typical neuronal 

soma diameters range from 10-20 μm. 
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4. Discussion 
 

The optical simulation results systematically validate 
the proposed compensation design. Without 
compensation, axial focal point shift averages 42.3 
μm with maximum shifts exceeding 73 μm at field 
corners-displacements that far exceed neuronal 
soma diameters and would cause significant 
targeting errors in physical implementations. The 
field curvature exhibits a predictable relationship 
with deflection angle, accurately modeled using 
polynomial functions with R² = 0.9982, confirming 
that this systematic aberration is amenable to 
correction via adaptive optics. The liquid lens 
compensation design achieves 7-fold improvement 
in mean axial error (42.3 μm to 5.8 μm) with reduced 
standard deviation (18.7 μm to 2.4 μm), enabling 
reliable single-cell targeting precision. The 30 ms 
liquid lens response time supports dynamic closed-
loop control at frequencies up to 30 Hz, adequate for 
tracking calcium transients (50-200 ms dynamics). 

The proposed design offers several advantages 
validated through simulation. Integration of MEMS 
scanning mirrors and liquid lenses enables compact 
architecture implementable in lightweight (<5 grams) 
packages suitable for head-mounted applications, 
achieving cellular-level positioning precision (5.8 μm 
axial, 6.2 μm lateral) comparable to bench-top 
systems. Component costs are substantially lower 
than spatial light modulators or deformable mirrors, 
offering practical balance between functionality, size, 
and cost. From an optical engineering perspective, 
this work provides quantitative characterization of 
field curvature in MEMS-based dual-path systems, 
demonstrates that dynamic Petzval sum 
compensation can be achieved with simple 
polynomial control laws (R² = 0.9982), and 
establishes a validated design framework using 
commercially available components adaptable to 
other miniaturized scanning applications including 
endoscopy and mobile imaging systems. 

Several limitations should be acknowledged. The 
field of view is limited to 500 μm × 500 μm, the 
design performs sequential rather than 
simultaneous multi-site stimulation, and single-
photon imaging restricts penetration depth to <300 
μm. Most importantly, this work is based on optical 
simulation using TracePro. While rigorous modeling 
with realistic component specifications and strong 
theoretical foundation (R² = 0.9982) provide 
important design validation, experimental 
verification with physical prototypes is necessary to 
characterize real-world performance including 
alignment sensitivity, vibration effects, thermal drift, 
and manufacturing tolerances. Nevertheless, the 
simulation-based study provides crucial theoretical 
foundation and quantitative predictions to guide 
future physical implementation.  

Future refinements could include two-photon 
microscopy integration for deeper tissue access and 
faster liquid lens designs for higher-frequency 
control. 

Compared to existing technologies, the MEMS-
liquid lens design fills a specific niche. Optical fiber 
stimulation lacks cellular-level precision, while DMD 
and SLM-based holographic approaches are too large 
and power-intensive for head-mounted applications. 
The proposed approach achieves favorable balance 
among miniaturization, precision, and cost, making it 
well-suited for freely behaving animal applications 
requiring single-cell resolution. Recent miniaturized 
optogenetic systems have not specifically addressed 
field curvature correction, suggesting this liquid lens 
compensation method could potentially be 
integrated with existing platforms to improve axial 
positioning accuracy. 

 

5. Conclusions 
 

This study presents a systematic design and 
simulation of field curvature compensation in 
MEMS-based miniaturized microscopes for 
optogenetic applications. Through Petzval sum 
theory analysis and rigorous TracePro simulation, 
we characterized how MEMS deflection causes axial 
focal shift and developed an innovative 
compensation method using electrically-controlled 
liquid lenses for real-time aberration correction. The 
simulation demonstrates 7-fold improvement in 
axial positioning accuracy (42.3 μm to 5.8 μm), 
achieving precision sufficient for single-cell targeting. 
The high goodness-of-fit (R² = 0.9982) validates the 
design methodology, and the 30 ms response time 
enables dynamic control at frequencies up to 30 Hz, 
adequate for neural activity manipulation. The 
compact, lightweight design is suitable for future 
head-mounted implementations in freely behaving 
animals. 

This work provides important contributions to 
miniaturized optical systems. It offers systematic 
quantitative characterization of field curvature in 
MEMS-based dual-path imaging/stimulation 
geometries, demonstrates that dynamic Petzval sum 
compensation using tunable liquid lenses is viable 
with predictable performance, and establishes a 
validated design methodology using commercially 
available components. The simulation-based 
approach provides theoretical foundation and 
practical guidance for developing next-generation 
miniaturized optical systems requiring precise 
three-dimensional beam positioning, with potential 
applications extending to endoscopy, mobile imaging 
systems, and other compact scanning devices. 

Future work will focus on experimental 
validation through physical prototype construction 
to characterize real-world performance including 
alignment sensitivity and thermal stability, extension 
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to two-photon imaging for deeper tissue access, and 
development of closed-loop control algorithms for 
activity-dependent optogenetic stimulation. 
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