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Abstract

Endoscopic imaging plays an important role in minimally invasive surgery, clinical diagno-
sis, and biomedical research. Conventional endoscopic systems with fixed focal lengths are
limited in multi-scale observation, while mechanically driven zoom systems often suffer
from increased structural complexity and limited stability. In this work, a dual-degree-of-
freedom continuous optical zoom endoscopic system based on liquid lenses is proposed.
By employing two independently tunable liquid lenses, the system enables simultaneous
modulation of optical power and principal plane position, thereby enhancing the flexibility
of continuous focusing and magnification control. A Gaussian-bracket-based model is
established to describe optical power redistribution and aberration evolution during the
zoom process. The proposed system achieves continuous focusing over a wide range from
10 mm to 1000 mm while maintaining imaging performance close to the diffraction limit. In
addition, a 1.2× magnified state is realized at a short focusing distance without significant
degradation in image quality. The results demonstrate that the proposed dual-degree-of-
freedom design provides a compact and effective solution for high-resolution continuous
zoom endoscopic imaging.

Keywords: liquid lenses; endoscopic imaging; continuous optical zoom; Gaussian bracket
method; optical system design

1. Introduction
Endoscopic imaging is a fundamental technique in modern medical diagnostics and

minimally invasive interventions, playing a key role in Minimally Invasive Surgery, clinical
diagnosis, and biomedical research [1–4]. To meet the demand for observing tissues at
different depths and scales, endoscopic systems are expected to provide zoom capability.
However, conventional endoscopes are typically designed with fixed focal lengths, which
limits their adaptability. Although mechanical zoom systems have been developed, they
inevitably increase system complexity and size and often suffer from slow responses and
limited stability [5–7].

In recent years, liquid lenses have attracted significant attention due to their com-
pact structure, low power consumption, and fast response [8–14]. Liquid lenses enable
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continuous focal length tuning without mechanical movement, offering high flexibility in
optical system design. Owing to these advantages, liquid lenses have been widely applied
in various display and imaging systems, including cameras [15–18], microscopy [19–25],
and telescope [26–30], where fast and adaptive focusing is required.

In endoscopic imaging, the introduction of liquid lenses provides additional
benefits [31–36], such as eliminating mechanical motion, reducing system complexity,
and enabling rapid focal adjustment within confined spaces. These features make liquid
lenses particularly suitable for miniaturized and high-speed endoscopic systems. How-
ever, existing liquid-lens-based endoscopic systems still face limitations [37], including a
restricted focusing range and relatively large system size, which hinder their application in
wide-range and high-resolution imaging scenarios.

In this paper, a dual-degree-of-freedom continuous optical zoom endoscope based
on liquid lenses is proposed. By employing two independently tunable liquid lenses, the
system enables simultaneous modulation of optical power and principal plane position,
thereby enhancing the flexibility of continuous focusing and magnification control. The sys-
tem achieves continuous focal length tuning by modulating the liquid interface curvature,
and a zoom model is established using the Gaussian bracket method to analyze optical
power distribution. A compact optical structure is designed and evaluated at different
focal states. The results demonstrate that the system maintains high imaging quality over a
focusing distance ranging from 10 mm to 1000 mm, with the modulation transfer function
approaching the diffraction limit.

2. Operating and Design Principle
2.1. Zoom Principle of Elastomer Liquid Lens

The core of the continuous zoom endoscopic system lies in the adaptive focusing
capability of the elastomeric liquid lens. In the proposed system, the liquid lenses acts as
the only tunable optical element, enabling continuous zoom through electrically induced
interface deformation, while the solid lenses are used to correct aberrations and improve
imaging quality.

Unlike electrowetting-based liquid lenses, the liquid lens used in this work operates
based on an elastomeric actuation mechanism. Its structure typically consists of a sealed
cavity, a transparent elastic membrane, and driving electrodes. When a voltage is applied,
the electric field induces deformation of the elastic membrane, thereby modifying the
curvature of the liquid interface and adjusting the optical power. This mechanism provides
advantages such as fast response, high optical axis stability, and no mechanical wear.

Under the paraxial approximation, the optical power of the liquid lens can be expressed as [38]:

ΦL(V) =
ne f f − n0

R(V)
, (1)

where neff is the effective refractive index of the liquid lens, n0 is the refractive index of the
surrounding medium, and R(V) is the voltage-dependent radius of curvature.

For elastomeric liquid lenses, the curvature variation is governed by membrane de-
formation under the electric field. It can be approximated that the curvature follows a
nonlinear relationship with the applied voltage [39]:

1
R(V)

= k1V + k2V2, (2)
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where k1 and k2 are system-dependent coefficients related to membrane stiffness, actuator
configuration, and liquid volume constraints. The optical power can be expressed as

ΦL(V) = (ne f f − n0)(k1V + k2V2), (3)

which indicates that the optical power varies nonlinearly with the applied voltage, and its
tuning range is determined by the elastomeric structure and actuation mechanism.

According to device characteristics, the optical power of the liquid lens can be continu-
ously tuned over a wide range (e.g., from negative to positive optical power), corresponding
to a continuous change in focal length from far to near distances. Compared with conventional
mechanically driven focusing systems, this approach enables fast response, stable field of
view, and high repeatability. Therefore, by adjusting the driving voltage V, a continuous
mapping from voltage to curvature, optical power, and system focal length can be established,
providing the physical foundation for mechanically free continuous optical zoom.

2.2. Principle of System Zoom

To quantitatively describe the mechanism of continuous focusing and magnification
control in the dual-liquid-lens system, the Gaussian bracket method is employed for first-
order paraxial modeling. The system consists of two elastomeric liquid lenses and six solid
lenses. Along the optical axis, the optical powers are denoted as φ1, φ2, φL1, φ3, φL2, φ4,
φ5, and φ6 and the normalized separations as e1, e2, e3, e4, e5, e6, and e7. The total optical
power is expressed as

Φ = [φ1,−e1, φ2,−e2, φL1,−e3, φ3,−e4, φL2,−e5, φ4,−e6, φ5,−e7, φ6]. (4)

where φ1–φ6 denote the optical powers of the solid lenses, φL1 and φL2 represent the optical
powers of the two liquid lenses, and e1–e7 denote the normalized separations between
adjacent optical elements along the optical axis. The Gaussian bracket [ ] represents the
first-order paraxial system power calculation.

Since only the liquid lenses are tunable, expanding φL1 and φL2 yields

Φ = a11 φL1 φL2 + a10 φL1 + a01 φL2 + a00, (5)

where a11, a10, a01, and a00 are constant coefficients determined by the fixed solid-lens
structure. Compared with single liquid lens systems, the dual liquid lenses configuration
introduces additional degrees of freedom, enabling simultaneous control of optical power
and principal plane positions.

The optical power of each liquid lens depends on the driving voltage, the total optical
power becomes

Φ(V1, V2) = a11 φL1(V1)φL2(V2) + a10 φL1(V1) + a01 φL2(V2) + a00. (6)

where φL1 (V1) and φL2 (V2) denote the voltage dependent optical powers of the two
liquid lenses.

Based on first-order Gaussian optics [38], with a fixed image plane, the object-side
focusing distance can be expressed as

FD(V1, V2) =
1

1
l′ − Φ(V1, V2)

, (7)

indicating that the focusing position is fully determined by the driving states of the two
liquid lenses.
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Considering the principal-plane shifts in the thick optical system [36], the lateral
magnification can be expressed as

β(V1, V2) = − l′ − H′(V1, V2)

WD(V1, V2)− H(V1, V2)
, (8)

where l′ denotes the image distance between the rear principal plane to the image plane,
H(V1,V2) and H′(V1,V2) denote the positions of the principal planes. Since the dual-liquid-
lens system simultaneously modulates both the total optical power and the principal plane
positions, it enables unified control of focusing and magnification.

In summary, the dual-liquid-lens system provides bilinear tunability of the total optical
power and enables continuous focusing and magnification variation through coordinated
control of optical power and principal plane positions.

3. Design Results
3.1. Zoom Lens Design Results

To verify the feasibility of the proposed continuous optical zoom endoscopic system, optical
modeling and optimization are performed. The system consists of six solid lenses and two
elastomeric liquid lenses, forming a compact zoom structure without mechanical movement.

The solid lenses are used to correct spherical aberration, chromatic aberration, and
field curvature, while the liquid lenses act as the tunable elements for continuous focusing
and magnification control. The dual liquid lens configuration provides two degrees of
freedom, enabling simultaneous modulation of optical power and principal plane position,
which is essential for large range focusing and near field magnification enhancement. The
liquid lenses used in this work are commercially available elastomeric liquid lenses, fea-
turing ultra-fast response (<1 ms), high optical-axis stability, and low power consumption
(<1 mW). The useful aperture is approximately 1.55 mm on the sensor side, and the focal
length can be tuned over a wide range (approximately (−∞, −50 mm) ∪ (6.25 mm, +∞)),
enabling effective and continuous focal modulation.

Based on these characteristics, the optical power distribution and aberration correction
are jointly optimized using the solid lenses, while the liquid lenses extend the focusing
range. The optimization step is performed at wavelengths of 0.486 µm, 0.587 µm, and
0.656 µm. A merit function incorporating multi-field performance and variable optical
power constraints is constructed to optimize the system parameters and liquid lens states.
The detailed optical parameters of the proposed system, including the radii of curvature,
thicknesses, materials, and spacing, are summarized in Table 1.

Figure 1. Layout results of the zoom endoscopic system. Red represents the full field of view,
green represents the 0.75 field of view, and blue represents the zero field of view.
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Table 1. Optical system parameters of the zoom endoscopic system.

Surface Type Radius Thickness Material Semi-Diameter

0 Object Infinity 10.000 8.104
1 3.750 0.334 LAKL21 1.419
2 1.234 0.844 1.027
3 −3.234 0.892 N-LAK33B 0.987
4 −2.992 0.196 0.976
5 Infinity 0.100 BK7 0.775

6 Polymer Infinity 0.280
Index Nd: 1.57

0.775Abbe Vd: 30.0

7 Membrane −6.319 0.020
Index Nd: 1.53

0.775Abbe Vd: 65.4
8 −6.319 0.190 0.775
9 406.922 0.258 N-PSK53A 0.741
10 −3.817 0.273 0.711
11 Stop Infinity 0.000 0.574
12 Infinity 0.100 BK7 0.775

13 Polymer Infinity 0.280
Index Nd: 1.57

0.775Abbe Vd: 30.0

14 Membrane 5.395 0.020
Index Nd: 1.53

0.775Abbe Vd: 65.4
15 5.395 0.837 0.775
16 4.667 1.978 SK6 1.056
17 −2.660 0.121 1.264
18 3.092 0.443 BSM16 1.193
19 −26.414 0.363 1.155
20 −2.389 1.570 S-NPH3 1.110
21 58.351 0.936 1.267
22 Image Infinity - 1.393

The final optimized layout is shown in Figure 1. The proposed system achieves
continuous focusing over a wide focusing distance range from 10 mm to 1000 mm and
enables a 1.2× magnified state. The design also achieves a wide field of view of 80◦ within
a compact size of 10 mm in length and 3 mm in diameter.

3.2. Image Quality Analysis

The proposed zoom endoscopic system is designed and evaluated to characterize
its optical performance, as shown in Figure 2. The modulation transfer function (MTF)
is analyzed at focusing distances of 1000 mm, 100 mm, and 10 mm, together with the
1.2× magnified state at 10 mm. The MTF curves are calculated in Zemax OpticStudio
2024R1 using the polychromatic FFT MTF analysis at the image plane under different
focusing states. The MTF is evaluated at three wavelengths (0.486 µm, 0.587 µm, and
0.656 µm), with the diffraction-limited curve as a reference.

Figure 2. Modulation Transfer Function of the zoom endoscopic system. Red represents the full field of
view, green represents the 0.75 field of view, and blue represents the zero field of view. The solid and dashed
lines denote the meridional and sagittal planes, respectively. The black line indicates the diffraction limit.
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At focusing distances of 1000 mm and 100 mm, the MTF remains close to the diffraction
limit over most spatial frequencies, reaching approximately 0.5 when the spatial frequency
exceeds 100 lp/mm, indicating good contrast transfer capability. Only slight degradation
is observed at high spatial frequencies, mainly in the off-axis field, demonstrating stable
imaging performance during continuous refocusing. At 10 mm, the high-frequency MTF
decreases due to increased sensitivity to residual aberrations and field curvature but
still reaches approximately 0.3 above 100 lp/mm, indicating a preserved high-frequency
response. In the 1.2× magnified state at 10 mm, the MTF is slightly reduced, especially in
the off-axis field, due to optical power redistribution and increased aberration sensitivity
introduced by dual-liquid-lens modulation. Nevertheless, the overall performance remains
high, demonstrating that magnification is achieved without significant loss of image quality.

The polychromatic PSF distributions of the proposed system are analyzed at the im-
age plane under focusing distances of 1000 mm, 100 mm, and 10 mm, as well as at the
1.2× magnified state at 10 mm, as shown in Figure 3. In all cases, the PSF exhibits a pro-
nounced central peak with concentrated energy, indicating good focusing performance. At
1000 mm and 100 mm, the PSF remains compact and well confined, which is consistent with
the high MTF at corresponding spatial frequencies. At 10 mm, the PSF slightly broadens
due to increased aberration sensitivity, corresponding to the reduced high-frequency MTF;
however, the energy remains mainly concentrated in the central region, indicating stable
imaging performance under short focusing distance conditions. In the 1.2× magnified
state at 10 mm, the PSF shows a slight additional broadening, but the central peak remains
well defined, demonstrating that the system maintains good focusing capability despite
increased aberration sensitivity.

Figure 3. Point Spread Function of the zoom endoscopic system.

The spot diagrams of the proposed system are evaluated at different focusing distances
and at the 1.2× magnified state at 10 mm, as shown in Figure 4. The RMS spot radii of
all fields are smaller than or comparable to the Airy disk radius, indicating performance
approaching the diffraction limit. At 1000 mm, the spot distributions are compact and
nearly symmetric, while at 100 mm and 10 mm, the spot size slightly increases with
elongation in off-axis fields due to residual astigmatism and coma during large-range
focusing. In the 1.2× magnified state at 10 mm, the spot distribution becomes slightly
larger, especially at the edge field, caused by optical-power redistribution and principal
plane variation induced by dual-liquid-lens tuning. In addition, the limited aperture of
the liquid lenses restricts marginal rays at large field angles, leading to some degradation
in edge-field performance; however, the overall spot distribution remains well controlled,
indicating effective aberration balancing across the field.
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Figure 4. Spot Diagrams of the zoom endoscopic system. Red represents the full field of view,
green represents the 0.75 field of view, and blue represents the zero field of view.

To further investigate the aberration evolution under different focusing states, the
ray fan distributions of the proposed system are analyzed, as shown in Figure 5. At
the focusing distances of 1000 mm and 100 mm, the ray fan curves remain relatively
compact and symmetric over most fields, indicating well-balanced aberration correction
and stable imaging performance. Only slight residual spherical aberration and field-
dependent distortion are observed, while the tangential and sagittal ray deviations remain
relatively small.

Figure 5. Ray fan of the zoom endoscopic system. Red represents the full field of view,
green represents the 0.75 field of view, and blue represents the zero field of view.
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As the focusing distance decreases to 10 mm, the off-axis ray fan gradually expands,
particularly in the tangential direction, indicating increased sensitivity to residual aberra-
tions such as coma, astigmatism, and field curvature caused by the optical-power redistri-
bution of the dual-liquid-lens system. Compared with the long-focus states, the edge-field
ray deviation becomes more noticeable due to the larger optical power required under short
focusing-distance conditions. In the 1.2× magnified state at 10 mm, the edge-field ray fan
exhibits slightly stronger asymmetry and larger deviation, especially at large field angles.
This phenomenon mainly results from the simultaneous modulation of optical power and
principal-plane position, which enhances the coupling between off-axis aberrations and
field-angle variation. In addition, the limited effective aperture of the elastomeric liquid
lenses partially restricts marginal rays, leading to slightly increased edge-field aberration
accumulation. Nevertheless, the overall ray fan distributions remain relatively smooth
and well controlled, demonstrating stable aberration balancing and good imaging quality
throughout the continuous focusing range.

Figure 6 shows the simulated colonic endoscopic images at four states: 1000 mm,
100 mm, 10 mm, and the 1.2× magnified state at 10 mm. The simulated images are gener-
ated in Zemax OpticStudio using the image simulation module based on the optimized
optical system under different focusing states, where the corresponding polychromatic PSF,
diffraction effects, residual aberrations, and magnification variations are considered to re-
produce the final imaging performance on the image plane. The simulations are performed
under a consistent field height of 49 mm, and the imaging performance is evaluated in
terms of resolution and aberration characteristics.

Figure 6. Image Simulation of the zoom endoscopic system.

At 1000 mm, the image appears relatively less sharp, with lower contrast and less
distinct high-frequency features, mainly due to defocus and field-dependent aberrations.
As the focusing distance decreases to 100 mm and further to 10 mm, the image sharpness
and contrast gradually improve. At 10 mm, the image exhibits higher sharpness and
improved contrast. At the 1.2× magnified state at 10 mm, the system achieves the best
visual performance, with clearer fine structures and higher contrast. In the simulated
images, the apparent reduction in the visual impact of aberrations at shorter focusing
distances mainly arises from the increased magnification under a fixed field height, which
enlarges the image scale on the sensor and reduces the visual perception of aberration-
induced distortions. Meanwhile, the 1.2× magnified state further enlarges the image scale,
making high-frequency structures more distinguishable and resulting in better perceived
image quality. This also explains the difference between the image simulation results and
the MTF-based frequency-domain evaluation. Although slight edge distortion remains,
overall aberrations are well controlled.

Overall, the simulation results indicate that the proposed system maintains high
imaging quality throughout the entire focusing range, with consistent and stable visual
performance under different focusing and magnification states.
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4. Tolerance Analysis
To evaluate the robustness of the proposed continuous optical zoom endoscopic system,

a tolerance analysis was performed considering realistic manufacturing and assembly errors,
including surface form, thickness, refractive-index variations, and element misalignments.
The tolerances were defined at the micrometer level, with a decenter of ±0.01–0.02 mm, a
tilt of ±0.05◦, and a refractive-index variation of ±0.0005. A Monte Carlo approach with a
normal distribution was employed, and 200 trials were performed to evaluate the combined
effects of all tolerances across multiple focusing states, including 1000 mm, 100 mm, 10 mm,
and the 1.2× magnified condition.

The MTF distributions shown in Figure 7, where each colored curve represents one Monte
Carlo trial under the corresponding focusing condition, indicate that most tolerance-perturbed
systems remain close to the nominal performance, particularly at long and intermediate
focusing distances. The spread of the MTF curves is relatively limited in low- and mid-spatial
frequencies, demonstrating stable contrast transfer under typical conditions. As the focusing
distance decreases to 10 mm and under the 1.2× magnified state, increased dispersion is
observed, mainly due to higher sensitivity to residual aberrations and alignment errors.
Nevertheless, no severe degradation or performance failure is observed.

Figure 7. MTF curve of Monte Carlo Analysis.

In conclusion, the results confirm that the proposed system maintains stable imaging
performance over the entire focusing range and exhibits strong robustness against manu-
facturing and assembly errors, indicating good feasibility for practical implementation.

5. Discussion
The paraxial model in this work is not only used to analyze the dual-degree-of-

freedom continuous zoom mechanism, but also serves as the basis for generating the initial
structure of the detailed Zemax optical system. According to the system requirements, the
operating wavelengths were first determined as 0.486 µm, 0.587 µm, and 0.656 µm, with
a total system length of approximately 10 mm and a maximum outer diameter of about
3 mm. The system was designed to achieve a continuous focusing range from 10 mm to
1000 mm while providing approximately 1.2× magnification at the 10 mm near focus state
with a fixed image plane position. Based on Gaussian optics and paraxial imaging theory,
Equations (1)–(3) were first used to calculate the voltage-dependent optical powers of the
two elastomeric liquid lenses under different driving voltages (V1 and V2). Subsequently,
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Equations (4)–(6) were employed to derive the equivalent optical power distribution of the
entire optical system using the Gaussian bracket method. Based on the obtained system
optical power, Equation (7) was used to determine the object-side focusing distance under
different driving states, while Equation (8) was further used to calculate the magnification
and principal-plane shifts.

Based on these first-order optical parameters, including the image distance, lens
spacing, and principal-plane distribution, the initial Zemax sequential configuration was
established by assigning the initial curvatures of the two liquid lenses, the optical-power
distribution of the six solid lenses, the element spacing, the aperture-stop position, and the
fixed image-plane location. After generating the initial structure, the six solid lenses were
further optimized to correct spherical aberration, coma, astigmatism, and field curvature
while preserving the dual-degree-of-freedom continuous focusing and zoom capability
provided by the two liquid lenses. Therefore, the paraxial model in this work is not only
used for theoretical analysis, but also directly participates in the generation of the initial
practical optical structure, providing physical constraints and parameter initializations for
the subsequent Zemax optimization process, thereby improving the optimization efficiency
and practical realizability of the proposed system.

The visual differences among the simulated images in Figure 6 remain relatively
limited because the proposed system maintains consistently high imaging performance
over all focusing states. As shown by the MTF analysis, the MTF curves under different
focusing distances remain relatively close to each other, particularly in the central field
region and low-to-middle spatial-frequency ranges, resulting in similar overall visual
quality in the simulated images. The primary performance differences mainly appear
in the edge-field regions, where the 1000 mm focusing state exhibits relatively stronger
field-dependent aberrations and distortion. In addition, the image simulations are based
on natural colonic endoscopic images containing relatively smooth and repetitive tissue
textures, making high-frequency differences less visually distinguishable to the human eye.

To further clarify the differences between the proposed system and previously re-
ported liquid-lens-based endoscopic systems, a comparison is summarized in Table 2. The
proposed system employs two independently tunable elastomeric liquid lenses, enabling
simultaneous modulation of optical power and principal-plane position. Compared with
previously reported systems, the proposed design demonstrates advantages in focusing
range, compactness, response speed, and continuous magnification capability, indicating
its potential for compact high-resolution continuous zoom endoscopic imaging.

Table 2. Comparison of the proposed endoscope and endoscopes.

Reference Zoom Ratio Focusing Distance Response Time Volume

[34] 4× - - ø 4 mm × L 23.26 mm
[35] - 10 mm~100 mm <7.5 ms ø 34 mm × L 48.5 mm
[36] - 20 mm~200 mm <2 ms ø 38 mm × L 20 mm

This work 1.2× 10 mm~1000 mm <1 ms ø 3 mm × L 10 mm

In the 1.2× magnified state, slight degradation of the edge-field imaging performance
is observed compared with the normal focusing states. This phenomenon mainly arises
from the stronger optical-power redistribution and principal-plane shifts introduced by the
dual-liquid-lens modulation under the magnified condition. As the magnification increases,
the off-axis field becomes more sensitive to residual aberrations such as astigmatism, coma,
and field curvature. In addition, the limited effective aperture of the elastomeric liquid
lenses partially restricts marginal rays at large field angles, resulting in increased aberration
accumulation in the edge field. Nevertheless, the central field still maintains compact PSF
distributions and relatively high MTF performance, while the overall spot distributions
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remain close to the Airy disk radius. Therefore, although slight edge field degradation
exists in the 1.2× magnified state, the overall imaging quality remains stable and acceptable
for continuous zoom endoscopic imaging applications.

6. Conclusions
In this paper, a dual-degree-of-freedom continuous optical zoom endoscopic system

based on liquid lenses is proposed. By employing two independently tunable liquid lenses,
the system achieves coordinated modulation of optical power and principal plane position,
enabling simultaneous continuous focusing and magnification control. A Gaussian-bracket-
based first-order model is established to guide the optical design and optimization process.
The proposed system realizes continuous focusing from 1000 mm to 10 mm and achieves a
1.2× magnified state at a short focusing distance while maintaining imaging performance
close to the diffraction limit. Simulation results demonstrate stable imaging quality across
different focusing states, and tolerance analysis based on 200 Monte Carlo trials further
verifies the robustness and feasibility of the system under practical manufacturing and
assembly conditions. The proposed approach provides a compact, mechanically free, and
effective solution for continuous zoom endoscopic imaging.
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