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Abstract

Microsphere-assisted super-resolution imaging technology, due to its ability to break
through the diffraction limit, has become a powerful tool for achieving optical obser-
vations at the micro-nano scale. However, there remains a significant discrepancy between
the simulation results of microsphere focusing behavior and experimental observations in
existing studies, necessitating a more precise physical explanation. This study proposes
that the interface reflection characteristics are a key factor influencing the focusing behav-
ior of microspheres. We constructed a numerical simulation model based on ray optics
theory using MATLAB, explicitly considering the reflection and transmission of light at the
microsphere-medium boundary, and systematically analyzed the imaging process and focal
position of the microsphere. Experimental results demonstrate that after accounting for
energy loss due to reflection, the focal position obtained from the simulation calculations
shows a high degree of consistency with the experimental results. The average deviation of
our model from experimental results is reduced by 76% compared to conventional paraxial
theory and by 86% compared to Finite-Difference Time-Domain (FDTD) simulations. Addi-
tionally, the findings validate the reliability of determining microsphere focusing theory
using irradiance.

Keywords: microsphere; reflection; focus position; optical imaging

1. Introduction

Microsphere-assisted microscopic imaging is a technique that employs microspheres
as optical elements to enhance the resolution and performance of microscopic imaging.
This technology is compatible with existing microscopic systems and significantly increases
the numerical aperture (NA) of the imaging system, thereby surpassing the diffraction
limit [1-3]. It is an effective means to enhance the resolution of optical systems [4-6]. This
technique offers a straightforward and economical approach to super-resolution imaging
without the need for complex instruments or labeling techniques [7], allowing scientists to
more easily observe intracellular structures, viral particles, and other subcellular details,
thereby providing a groundbreaking observational tool across multiple fields [8,9].

Photonics 2026, 13, 204

https://doi.org/10.3390 / photonics13020204


https://crossmark.crossref.org/dialog?doi=10.3390/photonics13020204&domain=pdf&date_stamp=2026-02-19
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/photonics
https://www.mdpi.com
https://orcid.org/0000-0001-6521-4745
https://doi.org/10.3390/photonics13020204

Photonics 2026, 13, 204

2 of 15

Despite the significant achievements of microsphere-assisted microscopy techniques
in experimental applications, various interpretations of its imaging mechanism still exist,
and a unified theoretical framework has yet to be established [10]. At present, the Pho-
tonic Nanojet (PN]) is regarded as a key mechanism [11,12]. It is a highly localized and
intense optical field generated on the backlit side of dielectric microspheres, with a lateral
dimension that can be smaller than the wavelength of the incident light, thereby providing
micro-nano-level super-resolution imaging and manipulation [13-15]. However, it can only
explain certain phenomena and characteristics and cannot be integrated with the actual
imaging phenomenon of microspheres [16], which hinders the establishment of an effective
model or relationship between imaging magnification and microspheres [17].

Alternative theories suggest that microspheres achieve super-resolution by capturing
and amplifying evanescent waves, converting high-frequency sub-wavelength information
into detectable far-field signals [18,19]. Nevertheless, this mechanism depends heavily
on precise, nanoscale spacing between the sphere and sample, making it susceptible to
environmental disturbances and leading to discrepancies in reproducibility [20]. Similarly,
resonant whispering gallery modes (WGMs) can enhance local electromagnetic fields
under specific conditions [21-23], but struggle to explain stable imaging behavior under
broadband illumination or continuous parameter variations.

From a more intuitive perspective, transparent microspheres are often viewed as micro-
lenses that focus light through refraction, similarly to traditional magnifying glasses [24,25].
This explanation provides a physical basis for understanding the magnification effect of
microspheres. However, the focusing properties of small microspheres are highly sensitive
to wavelength, which leads to image blurring and reduced resolution [26].

In summary, the imaging mechanism of microspheres remains largely unclear, and
existing theories struggle to provide consistent and reliable explanations for experimental
phenomena [25,27]. This also complicates the identification of the imaging plane that can
achieve the highest resolution and best image contrast in practical applications.

Conventionally, in complex optical environments, the performance degradation caused
by aberrations or scattering can be addressed by precisely modeling and correcting light-
field disturbances to restore focus and resolution [28-31]. Inspired by this, we noticed that
in microsphere imaging, the energy loss at the interface is often simplified or ignored. A
rigorous ray-summation method developed by Brandsrud et al. for planar films demon-
strates that accurate optical modeling requires accounting for all ray contributions with
Fresnel equations at each interface [32]. Their work highlights the critical role of interface
reflections, a principle that becomes even more pronounced in high-curvature microspheres.
However, considering the extremely high curvature and refractive index mismatch of mi-
crospheres, this idealized energy loss is very likely to have a decisive impact on the actual
imaging performance and focal field distribution.

Therefore, in order to provide a better physical explanation of the microsphere imaging
mechanism and to more accurately locate its optimal imaging plane, this study aims
to quantitatively assess the impact of interface reflection energy loss on the focusing
characteristics of microspheres from a complementary research perspective. In our previous
research, we introduced the concept of irradiance and relocated the imaging focus of
microspheres through axial scanning methods [33]. Based on the understanding that
irradiance is a key physical quantity determining the optical energy distribution at the
imaging plane, we established a mathematical model for super-resolution imaging of
microspheres using numerical simulation methods, further exploring the focusing effect of
microspheres theoretically. The model calculates the energy loss of light each time it passes
through the interface between the microsphere and the medium, and then determines the
equivalent focal position by statistically analyzing the irradiance distribution along the
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optical axis. Through systematic comparison with experimental results, we validated that
this simulation model outperforms existing theories and simulation results in predicting
focal positions. The findings of this study indicate that interface reflection energy loss is an
important factor to consider when optimizing microsphere focusing models.

2. Modeling and Analysis

This study quantitatively investigates the impact of energy changes during optical
phenomena such as refraction and reflection at the interface between microspheres and the
surrounding medium on the final light field distribution. To achieve this, we constructed a
ray-tracing theoretical model based on ray optics using MATLAB R2022a, comprehensively
considering reflection characteristics when light enters the microsphere through another
medium interface.

2.1. Ray-Tracing Model

To validate the effectiveness of the model, we selected a transparent sphere with
typical parameters, specifically a diameter of 5 uym and a refractive index of 1.592, for
simulation experiments aimed at observing and analyzing the position of its equivalent
focal length. To accurately simulate the actual physical process, the refractive index of the
external medium was set to 1.333, thereby mimicking the focusing effect of the microsphere
in a water environment. The ray-tracing simulation uses 450 nm as the effective wavelength.
Indeed, these parameter setting aligns with our previous experimental conditions [33].
Figure 1a shows the 3D simulation results of the model, which can visualize the deflection
phenomenon of the light rays before and after entering the microspheres as well as the
spatial distribution characteristics of the focusing effect. During the simulation, detailed
behavioral data of each ray were recorded—including incidence point, refraction point,
total reflection status, and final exit point—for subsequent processing and analysis to
evaluate the sphere’s effect on parallel beams, especially regarding focal point location and
intensity distribution.

Figure 1. Simulation of light propagation process. (a,b) 3D view and 2D view of the microsphere
simulation model. (c) A schematic diagram of the change in a single light ray in the propagation
process, with lighter colors indicating less energy remaining in the light.
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At the core of this simulation lies the ray-tracing algorithm, which handles interac-
tions between rays and the lens. The incident rays are initialized with a deterministic
uniform grid: all rays originate from the plane at x = —1.5R, uniformly distributed in a
100 x 100 grid along the y- and z-directions, covering the entire incident cross-section of
the microsphere. The algorithm applies Snell’s law to calculate angular changes when
rays enter or exit the sphere. When the angle of incidence exceeds the critical angle, total
internal reflection occurs at the spherical surface, preventing light from entering the inte-
rior [34]. The light that successfully enters the interior of the sphere undergoes refraction
and reflection again when it reaches the other surface, until the light rays are completely
detached from the sphere to locate the final exit angle and position.

When light passes through these spherical lenses, light rays close to the optical axis
and edge rays away from the optical axis are refracted to different degrees due to the
curvature of the lens, resulting in spherical aberration. Spherical aberration increases the
size of the spot and shifts the best focus point to a position different from the calculated
effective focal length, resulting in circular diffuse spots, the so-called “circle of confusion”.
Therefore, the microsphere does not have a single precise focal plane. Figure 1b shows
the simulation effect of the two-dimensional section of the model, and the influence of
spherical aberration can be intuitively seen.

2.2. Energy Attenuation and Transmission Characteristics

As light passes through a microsphere with a refractive index different from that of
the surrounding medium, particle-internal caustics are formed inside the sphere due to
refraction and multiple reflections, causing some light rays to be diminished in intensity as
it exits the sphere. When light rays are incident from the center region of the microsphere,
this region has the lowest density of light, but the intensity of an individual ray remains
most intact, primarily due to the minimal loss of reflected energy it experiences during
propagation. As the incident position moves towards the edge of the microsphere, the
angle of the incident light that can be received becomes larger. Then, the energy loss caused
by reflection during the propagation of the light is greater, resulting in a decreasing trend
in the intensity of a single light ray, as illustrated in Figure 1c. Light encounters interfaces
when entering and exiting microspheres, resulting in reflection losses at least twice.

Of particular note is the fact that extremely close to the edge of the microsphere, light
rays are more likely to satisfy the total reflection condition and fail to transmit effectively,
and although there are very few rays that theoretically satisfy the refraction condition
that can penetrate the sphere, these rays also tend to experience the greatest degree of
attenuation [35]. These effects are therefore particularly important for strongly inclined
rays close to the edge of the sphere, which have large reflection coefficients [36].

The transmission characteristics of light through dielectric microspheres are governed
by Fresnel’s equations at each interface [37]. For an incident ray with an angle 6; relative to
the surface normal, the intensity reflection coefficients for s- and p-polarizations are given
by Equations (1) and (2), respectively:

512
ny COS@i — Ny 1-— (% Sinel’)
Rs = - 1)
nycosf;+npy/1— (% sinei)
2
2
niy/1— (% sin9i> — 115 cos 6;
Ry = 2)
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where 111 and n, represent the refractive indices of the external medium and microsphere,
respectively. The corresponding transmission coefficients are determined by energy conser-
vation, as expressed in Equation (3):

For unpolarized illumination, the net transmittance at a single interface is given by
averaging the s- and p-polarized components, as shown in Equation (4):

T+ T
Tinterface = % (4)

When considering full traversal through the microsphere, the cumulative transmit-
tance must account for multiple boundary interactions. For rays undergoing direct

transmission without internal reflection (k = 0), the total transmittance is given by
Equation (5):
0
Tt(ot)al ~ T1 - Tz - Tinaterial (5)

where T; and T, denote transmittance at the entry and exit interfaces. Tiaterial = e Pl
represents the transmittance due to the attenuation of light within the microsphere material,
accounting for losses from both absorption and bulk scattering. This exponential decay
in intensity with propagation path length [ is governed by the Beer-Lambert law. Here, 8
denotes the attenuation coefficient of the material, which characterizes the total loss per
unit length.

For rays experiencing k internal reflections prior to emergence, the transmittance
becomes more complex and is described by Equation (6):

T (6) = To(6) - [Rint (6)]F - Ta(8e) - T poriar (6)

Here, Rjn represents the internal reflection coefficient at the sphere-medium interface,
calculated using Equations (1) and (2) with exchanged refractive indices (111 ¢+n3). The inte-
ger m = k + 1 represents the number of internal chord segments traversed, corresponding
to the total internal path length. The critical angle for total internal reflection is defined as:
0. = sin~! (%)

Transmittance is an important parameter to measure the energy remaining after the
light passes through the microsphere. Based on the above-mentioned transmittance formula
derived from geometric optics theory and Fresnel’s equation, we plotted the theoretical
curves of the transmittance varying with the angle between the incident angle and the
normal when the ray enters and leaves the microsphere [38], as shown in Figure 2. This
curve indicates that the transmittance is highest under near-normal incidence conditions
(6; = 0°). The number of reflections for edge rays increases dramatically, further reducing
the light transmission. This distribution characteristic further suggests that the signifi-
cant loss of edge rays leads to a decrease in the light intensity that should converge in
front of the focal region, resulting in a backward shift in the position of the maximum
light intensity.
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Figure 2. The transmittance of the light ray into and out of the microsphere varies with the angle
between the light ray and the normal. When the angle between the light ray and the normal is in the
green region, there is almost no energy loss; when the angle between the light ray and the normal
is in the yellow region, the energy loss is less than 30%; when the angle between the light ray and
the normal is in the red region, there is a large loss of energy. The blue numbers and dashed arrows
indicate the threshold angles that define the boundaries between the green, yellow, and red regions.

2.3. Intensity Distribution and Effective Focal Point

When microspheres are placed on the sample, the incident light rays are focused by
the microsphere to form a strongly localized spot in close proximity to the sample surface,
thereby enabling super-resolution imaging. However, microspheres do not have a single
precise focal plane. Therefore, finding the highest place of light convergence energy can
realize better super-resolution imaging effect. We integrated the transmission effects on the
light propagation path and on the change in energy, and set up numerous circular detectors
of the same diameter with a spacing of 0.1 nm on the optical axis to simulate circles of
confusion, as shown in Figure 3, consistent with the axial resolution of our experimental
translation stage. This fine spacing is not strictly necessary and could be increased without
loss of accuracy. Subsequently, the intensity of light gathered within each circular detector
is quantified according to the intensity of the light ray that can pass through the circular
detectors, which facilitates the analysis of physical optical propagation at different locations.

FDTD Simulation
— Theoretical Model

Intensity

6.47um

2 3 4 5 6 7 8 9 10
Distance From Center (um)

Figure 3. Schematic diagram of the microsphere focusing light intensity statistical method and its
axial irradiance distribution data. The schematic illustrates the arrangement of a circular detector
along the optical axis for monitoring light intensity at different positions. The blue curve in the data
graph shows the normalized axial irradiance distribution, indicating that the light intensity reaches
its maximum at approximately 6.47 pm from the center of the microsphere, which is identified as the
effective focal point. The pink curve represents the distribution of light intensity of the microsphere
along the optical axis under the PNJ effect. The light intensity reaches its maximum value at a distance
of approximately 4.24 pm from the center of the microsphere.
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Irradiance can directly reflect the spatial distribution of light energy. It essentially
describes the condition of light energy distribution density during the transmission pro-
cess [39]. After the refraction of light by the microspheres, the propagation path and energy
distribution of light collectively determine the irradiance distribution in the space. Due to
the rapid energy decay after each reflection, we set the maximum number of reflections to
three. Tracking of a ray is terminated when its remaining energy falls below 0.1% of the
initial value. The final intensity of each ray is given by I = Ij - Tita1, Where the expression
for the total transmittance T, is provided in Equation (6). By summing the energy of all
light rays reaching the circular detector along the optical axis at each detector, a continuous
axial irradiance distribution is generated. The precise positioning of the effective focus
should correspond to the location where the light irradiance reaches its maximum. This is
because the position of the focus is directly related to the spatial distribution density of the
light energy.

The blue line in the data graph of Figure 3 illustrates the trend of light intensity
variation within each circular detector as the distance from the lens increases, which also
represents the distribution of axial irradiance. The effective focal point should be located
at the position of maximum light intensity [40], which is approximately 6.47 um from
the center of the microsphere. In the same simulation environment, we employed the
Finite-Difference Time-Domain (FDTD) algorithm in Ansys Lumerical FDTD 2024 R1 to
simulate the changes in power density of the beam under the PN]J effect of the microsphere.
The simulation results indicate that the position of the strongest focal point is at 4.24 um, as
shown by the pink line in the data graph of Figure 3. There is a certain discrepancy between
the effective focal points obtained from both methods. However, compared to existing
theories, the effective focal point derived from our model is closer to the actual observed
imaging effects. The experiments will be detailed in the next chapter. This indicates that
our proposed idea is more aligned with the true mechanism of microsphere imaging.

3. Experiment and Results
3.1. Longitudinal Imaging and Focus Positioning Experiment of 5 ym PS Microspheres

In our previous experiments [33], we performed longitudinal scanning imaging of a
Blu-ray disc using polystyrene (PS) microspheres with a diameter of 5 um under identical
experimental conditions. Figure 4a illustrates a schematic diagram of the longitudinal
scanning experiment assisted by microspheres. During the experiment, the movement
platform carrying the Blu-ray disc was precisely controlled to step displace along the longi-
tudinal (Z-axis) direction, thereby enabling scanning of the sample at different positions.
During the imaging process, the microspheres formed an enlarged virtual image beneath
them. As the disc sample moved relative to the microspheres and the imaging system
in the Z direction, the images produced by the microspheres transitioned from a blurred
state to a state of optimal clarity, and then back to a blurred state again. This reflects its
higher-resolution imaging capability for sample structures within a specific spatial range.
The actual imaging results are shown in Figure 4b.

The microscopic imaging system detects the imaging effect of the sample structure
rather than the energy distribution of the spatial light field. Therefore, the experiment only
obtains a series of two-dimensional image sequences through longitudinal scanning, which
cannot directly measure the three-dimensional irradiance field. To accurately determine the
position of the optimal imaging plane for the microspheres, we conducted a Fast Fourier
Transform (FFT) analysis on images obtained from scanning different Z positions, based on
the fundamental principles of optical imaging—namely, that image clarity is closely related
to the intensity of spatial frequency components [41]. By calculating the power spectrum
of each imaging plane, we extract the energy distribution characteristics in the frequency
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domain. A higher peak power indicates that the image structural information of the plane
is richer and the imaging is clearer, as shown in Figure 5c. Consequently, we obtain imaging
quality assessment metrics corresponding to different Z positions. Combining this with the
displacement data of the sample platform, we can further derive the effective focal length
of the microsphere system at that position, thereby achieving precise localization of the
optimal imaging plane.
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Figure 4. (a) Schematic diagram of the longitudinal scanning experiment of the microsphere imaging
plane. (b) Imaging of Blu-ray discs assisted by microspheres. As the distance between the imaging
plane and the microsphere increases, the observed imaging effect transitions from blurry to clear and
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Figure 5. (a) The variation in the power spectrum of different imaging planes with respect to the focal
length during the experiment. The Roman numerals (I-V) mark specific imaging planes selected
for further analysis. The blue vertical line indicates the focal position derived from the theoretical
model at 6.47 um, while the red vertical line indicates the experimentally obtained focal position at
6.54 um. (b) The red line indicates the magnification of microsphere imaging as the distance between
the imaging plane and the sample plane changes in the experiment. Theoretically, the magnification
of the microsphere should be a curve close to the blue dotted line. (c¢) The power spectrum data
graphs obtained by performing FFT on the scanning images of five equally spaced imaging planes
(corresponding to positions I-V). The higher the power, the clearer the image of the plane will be.

To minimize noise in the data while preserving the primary characteristics of the signal,
we applied the Savitzky-Golay filtering method for smoothing the experimental data [42],
resulting in the red curve shown in Figure 5a. As illustrated in the figure, the optimal
imaging focal position for the microspheres identified in our experiment is 6.54 um below
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the center of the sphere. It is evident that the theoretical analysis value of 6.47 pm derived
from our model is very close to the actual imaging result of 6.54 um, and is significantly
better than the simulation focus of 4.24 pm calculated using the FDTD method in the
previous text.

Additionally, we further obtained the orbital periods of all scanned images. Using
the scale of the microscope imaging without microspheres as a reference, we ultimately
determined the magnification of the microspheres at different imaging planes, as indicated
by the red line in Figure 5b. In addition, according to classical geometric optics theory,
the magnification of a traditional single-focus convex lens increases linearly as the focal
plane moves away [43], as shown by the blue line in Figure 5b. At the optimal imaging
plane of the microspheres, the magnification was approximately 1.60x, which also has high
consistency with the theoretical analysis results of 1.63x. Outside the optimal imaging
plane, although there is some deviation between the two lines, there is still a high degree of
trend consistency.

3.2. Comparative Experiments on Imaging Focal Points of Microspheres with Different Particle Sizes

To further validate the accuracy of the theoretical model established in Section 2 for
predicting the focal position of microspheres and to assess the model’s applicability under
different particle size conditions, we conducted a series of experiments. In this experiment,
DVD discs were selected as observation samples. Under the condition of water as the
environmental medium, longitudinal scanning imaging experiments were performed on
eight PS microspheres, with diameters distributed within the range of 10-11 um. Under
the same illumination conditions, a series of longitudinal images were collected by moving
the focal plane along the optical axis. The spectral information of the image is obtained by
using the FFT method, and then the power spectral information of each group of images is
obtained, serving as a quantitative evaluation index for imaging clarity, and the optimal
focal plane position for each microsphere was determined.

Based on this, we calculated the paraxial focal positions for each microsphere using
traditional optics, as well as the focal positions obtained through electromagnetic simula-
tions using the FDTD method. The paraxial theory relies on the ray propagation model
and the paraxial approximation [44], which is commonly used for focal estimation in tradi-
tional optical systems, whereas FDTD is a full-wave electromagnetic simulation method
based on Maxwell’s equations, widely applied in the analysis of focusing characteristics of
micro-nano optical structures.

Figure 6 summarizes the focal positions inferred from the best focal plane measured
in the experiments, the predicted values from the simulation model, the results from the
FDTD simulation, and the calculations based on paraxial theory. It can be observed that
the deviation between the experimental data and the predicted values from the simulation
model in this paper is significantly smaller than the deviations between the experimental
data and the paraxial theory, as well as the deviations between the experimental data and
the FDTD simulation results. Specifically, the maximum deviation between the paraxial
theory and the experiment can reach up to 2.49 um, while the maximum deviation between
the FDTD simulation and the experiment is approximately 3.98 um. In contrast, the
maximum deviation between the predicted values from this model and the experimental
results is only about 0.91 um. Overall, the paraxial theory is based on the small-angle
approximation, which neglects high-angle incident light and the spherical aberration it
induces, leading to a significant underestimation of the actual focal position. Although
the standard FDTD method can accurately solve Maxwell’s equations and capture wave
effects such as photon nanojet phenomena, it typically does not account for energy losses
at the interface caused by reflection, resulting in predictions that place the focal point too
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close to the surface of the microsphere. In contrast, the average deviation of the proposed
model from experimental results is reduced by 76% compared to the paraxial theory and
by 86% compared to the FDTD simulations. This result indicates that, compared with
the two classical methods of traditional theory and wave optics, the optimization model
of this paper exhibits higher experimental consistency in predicting the focal position of
microspheres, and is able to more accurately reflect the focusing behavior of microspheres
in actual imaging systems.

ST @ Experimental Data
@— Theoretical Model

18.0 Paraxial Focus
’g FDTD Simulation
= 165}
o
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z ° e °: ?
(=] o °
= 135F ? °
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=
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Figure 6. Comparison of focal positions of PS microspheres with diameters in the range of 10-11 um
in a water environment based on different theories. The red scatter points represent the focal positions
of the microspheres derived from experimental data. The blue dashed line indicates the predicted
results from the proposed theoretical model. The yellow line represents the results calculated using
paraxial theory. The pink line shows the results obtained from FDTD simulation.

Although the experimental data closely aligns with the theoretical model predictions,
certain discrepancies have been observed in the comparisons of some microspheres. It is
important to note that the 10-11 um microspheres used in this study are commercially
sourced polydisperse samples, which have not been individually calibrated for size but
are provided as a nominal size range. To obtain the specific size of each microsphere, we
measured them individually using an optical microscope during the experiment. However,
due to issues such as thick imaging edges and blurriness, the measurement results exhibit
a degree of subjectivity and uncertainty, leading to size errors.

Additionally, the experiments observed that the equivalent optical center of the mi-
crosphere lens may not be located at the geometric centroid of the microsphere. Most of
the data points obtained from the experiments exhibited a unidirectional deviation trend,
indicating the presence of a systematic shift. Such phenomena are more pronounced in
high refractive index microsphere systems.

In summary, these experiments not only verified the applicability and accuracy of
the optimization model of this paper for microspheres of different particle sizes, but also
provided a key reference for understanding the actual imaging mechanism of microspheres.
The modeling approach and the equivalent focus method established in this paper lay a
foundation for further research to explore the real physical mechanism of microsphere
imaging in depth.
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4. Discussion

The results of this study provide a more intuitive explanation for the long-standing
discrepancy between theoretical predictions and experimental observations in the field of
microsphere-assisted super-resolution imaging. By explicitly incorporating the energy loss
due to Fresnel reflection at the microsphere-medium interface into a geometrical optics-
based model, we have achieved a closer alignment between the simulation results and
the experimental observations. The predictive accuracy of the simulations significantly
surpasses that of traditional paraxial theories and the FDTD full-wave simulation methods.

This work addresses a critical gap in the existing literature. Although the photon
nanojet effect has been widely accepted as one of the primary mechanisms for achieving
super-resolution, the predicted focal plane position has consistently been systematically
smaller than the optimal imaging plane position observed experimentally [13,14]. This
systematic deviation suggests that while the FDTD full-wave electromagnetic model is
powerful in capturing near-field fluctuation phenomena, it may overlook a key factor:
the cumulative energy attenuation of light during propagation, particularly for light at
large incident angles. Our results indicate that high-angle ‘edge rays’ suffer significant
reflective losses at the interface, causing the effective focal point to shift from the PNJ
hotspot towards the far field. The accuracy of the effective focal point prediction has
improved after considering the energy loss due to reflection.

Establishing irradiance as a key physical quantity for determining the optimal imaging
plane for microsphere imaging is another significant contribution of this study. Yang et al.
explicitly pointed out in their representative research that the super-resolution capability of
microspheres is determined by the waist of the PNJ, with the minimum waist corresponding
to the best resolution [12]. However, this work did not address the crucial practical question
of “the location of the optimal imaging plane”. Our research precisely fills this gap: by
introducing an interface energy loss model and using axial irradiance as a criterion, we
provide a practical method for quantitatively predicting the optimal imaging position.

In our previous research, it was noted that irradiance is a key factor determining the
imaging quality of microspheres, and that microspheres do not possess a singular geometric
focus [33]. However, the underlying physical mechanism remains unclear; it merely
elevates the issue of focus from the geometric optics level to the energy distribution level.
This study further reveals that the non-uniform energy loss caused by interface reflection is
the fundamental reason for the systematic shift in the effective focus of microspheres. As
demonstrated in the rigorous ray-summation framework for planar films [32], properly
accounting for such interface effects is essential for accurate optical modeling. In traditional
microscopy, the focus is typically associated with the position of the minimum light spot.
However, in complex systems like microspheres, which exhibit severe aberrations and
cannot form a single sharp focus, the concept of the “circle of confusion” is more applicable.
We calculate the distribution of axial irradiance by integrating the total optical energy
at various points along the optical axis behind the microsphere, providing a robust and
physically meaningful metric. This metric is directly related to image quality, which has
been validated through FFT-based clarity analysis.

Furthermore, for the FDTD simulation, the maximum intensity of PNJ does not
necessarily correspond to the optimal imaging plane. As pointed out by Maslov et al,,
there is an essential distinction between the point spread function (PSF) that determines
image resolution and the field distribution of PNJ [15]. FDTD can accurately capture
complex interference patterns and near-field resonances, producing high-intensity ‘hot
spots’. However, these hot spots do not always coincide with the planes that yield the best
clarity or magnification in actual microscopic systems. In contrast, our model focuses on
the statistical distribution of irradiance and the effective convergence of light, which is
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physically closer to the concept of the ‘effective focal point” that is coupled through the
objective lens and ultimately recorded by the camera.

The FDTD simulation itself faces issues related to computational cost. In microsphere-
assisted imaging experiments, the illuminating light is typically incoherent. As pointed
out by Pahl et al. [45], in this case, light from different incident angles cannot superimpose
the electric fields, but rather their respective intensities should be summed. Therefore, to
accurately predict imaging results through full-wave simulations, a separate simulation
must be conducted for each incident angle, followed by summing the resulting intensities.
For three-dimensional microspheres, this computational demand is substantial and often
difficult to achieve. Our model is based on the ray-tracing method, which is more direct
in handling light rays. By applying energy weighting to the rays, the final irradiance
distribution is obtained by accumulating the energy contributions of all rays. Therefore,
it provides a predictive tool that combines universality and computational efficiency,
applicable to various microsphere sizes and lighting conditions.

Of course, this model also has its applicable scope. The minimum diameter of the
microspheres studied in this paper is 5 um, corresponding to D/A ~ 11(A =~ 450 nm). At
this scale, diffraction, astigmatism, and other wave effects are relatively weak compared to
geometric refraction and reflection, allowing the ray-tracing method to approximately de-
scribe the primary focusing behavior. However, for the precise characterization of near-field
fine structures and sub-wavelength scale field enhancements, full-wave electromagnetic
simulation remains an irreplaceable tool.

When the structural dimensions approach the order of the wavelength, the material
interfaces may no longer exhibit clear geometric boundaries, but instead present a blurred
region influenced by critical behaviors of total internal reflection and other boundary
conditions. This uncertainty in boundary behavior at the microscopic scale significantly
affects the focusing efficiency and position of energy within the microsphere. In the
future, combining the efficient path analysis advantages of geometric optics with the
accurate solving capabilities of wave optics for electromagnetic field distributions, such as
considering the non-ideal transmission characteristics of material interfaces in simulations,
may contribute to a more accurate revelation of the true focusing physical processes
in micro-scale lens systems. Moving forward, we will conduct collaborative research
on multi-scale modeling to further deepen our understanding of the focusing behavior
of microspheres.

5. Conclusions

This study constructs a numerical simulation model based on ray optics, focusing
on the energy loss effects caused by interface reflections during the imaging process of
microspheres. Both theoretical modeling and experimental validation indicate that this
effect is a key physical factor leading to the deviation of microsphere focusing characteristics
from actual imaging in other simulation results. This is particularly evident in the higher
reflection loss of edge rays due to their large-angle incidence, as well as its significant impact
on the light field irradiance distribution and the final equivalent focal position. The results
confirm that the optimized model developed in this study significantly improves prediction
accuracy, with a maximum focal position error of only approximately 0.91 um, which is far
superior to conventional approaches. The work also validates maximum irradiance as a
reliable criterion for determining the equivalent focal point, underscoring that microsphere
imaging adheres to energy conservation and light propagation principles. In previous
studies of wave optics simulations, systematic deviations may have been introduced due
to the neglect of actual energy changes at the interface. This study provides a quantifiable
and verifiable modeling approach for this field, as well as a method for determining the
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equivalent focal point of microspheres and the optimal imaging plane. In the future, we
will incorporate energy boundary conditions that align more closely with physical realities
into wave optical simulation in order to jointly advance the comprehensive understanding
and optimization of microsphere imaging mechanisms.
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