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Abstract
Despite its huge potential, such as in biomedical research for bioparticle sorting and sensing, near-field optical
trapping suffers from limited trapping efficiency due to the weak evanescent field accompanied by shallow
penetration depth (~100 nm). Moreover, such optical trapping approaches are susceptible to perturbations from
trapped particles, making them less robust and impractical. Here, we demonstrate, for the first time, a thin-walled
hollow microbottle resonator with gradient-wall thickness to realize large-scale and robust optical trapping based on
mode field strength antinodes, instead of the evanescent field. The microbottle resonator combined with off-
equatorial fiber taper coupling collaboratively enables the excitation of axial high-order Whispering Gallery Modes
(WGMs). In addition, the unique feature of the gradient-wall thickness design mitigates the adverse impact of the
perturbation from trapped particles on mode field distributions, making the gradient-thickness protected (GTP)
microbottle resonator more robust and stable. This enables large-scale optical trapping over an axial span exceeding
195 μm, with a threshold power of 0.198 mW for 500-nm-radius polystyrene particles. The GTP WGM microbottle
resonator also achieves tunable localized optical trapping. This work demonstrates a scalable optical manipulation
framework for applications in single-particle analysis, bioparticle manipulation, and label-free sensing.

Introduction
Near-field optical trapping has advanced tremendously

with the synergic integration of photonics and fluidics,
enabling precise manipulation and sorting of particles
down to the nano-sized regime beyond the traditional
diffraction limit1–3 in conventional optical tweezers. It has
been studied intensively across various scientific fields,
including biomedical research4–8, chemistry9, and even
atomic physics10–12. For instance, various nanowaveguide
or metasurface designs were demonstrated for trapping,
sorting and detecting bacteria, viruses, or nucleic acid4,6,7.
Optofluidic whispering-gallery-mode (WGM) micro-

resonators, such as microrings13–17, microspheres18–20,

microbubbles9,21, microdisks22, and droplets23, have
emerged as versatile platforms for particle trapping,
sorting and sensing. Their high quality (Q) factors and
subwavelength-scale mode volumes significantly enhance
intracavity field intensities, facilitating strong light–matter
interactions. However, conventional WGM-based particle
trapping primarily relies on evanescent fields, which are
inherently weak and typically confined to depths of
~100 nm near the particle-interacting interface. This
shallow penetration limits trapping efficiency and restricts
particle manipulation in close proximity to the resonator
surface. Furthermore, in typical quasi-droplet WGM
resonators, the optical mode is concentrated in the liquid
core near the inner surface of the resonator, rendering it
susceptible to perturbations from trapped particles. Such
disruptions degrade the Q factor and reduce the intra-
cavity field intensity, undermining the optical forces
needed for robust nanoparticle trapping. As a result,
conventional WGMs struggle to generate sufficient force
for trapping smaller nanoparticles, and their effective
trapping region is constrained, posing challenges for
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applications requiring dense, high-efficiency nanoparticle
manipulation.
To overcome the limitations of conventional WGM

resonators, we present a thin-walled hollow microbottle
resonator that enables direct interaction between the
WGM field strength antinodes and suspended particles,
achieving deeper penetration and stronger light–matter
interaction without relying solely on weak evanescent
fields. The gently curved geometry of the microbottle,
combined with off-equatorial fiber taper coupling, sup-
ports the excitation of high-order axial modes24. A key
factor enabling this mode selectivity is that the coupling
strength for a specific WGM is proportional to the spatial
overlap integral between the mode fields of the resonator
and the fiber taper25. This mechanism facilitates large-
scale particle trapping along multiple orbits across an
extended axial range with only milliwatt-level optical
power. Additionally, the resonator features a gradient wall
thickness that confines the peak optical intensity within
the structure, isolating it from disturbances caused by
trapped particles and thereby enhancing trapping stability.
The device further enables localized three-dimensional
particle confinement by leveraging standing waves formed
by counter-propagating WGMs. Phase shifts introduced
via a piezoelectric fiber stretcher allow dynamic adjust-
ment and repositioning of the particle traps. The hollow
architecture of the microbottle resonator facilitates
seamless integration with microfluidic channels, yielding a

gradient-thickness-protected (GTP) WGM platform
optimized for efficient particle manipulation. Compared
to previously reported near-field trapping techniques, the
GTP microbottle resonator offers a simplified configura-
tion, improved trapping robustness, and scalable large-
area particle confinement. These advantages position the
device as a promising tool for enhancing the efficiency of
bioparticle sorting and enabling practical, localized optical
manipulation in biological and chemical sensing and
analysis.

Theoretical Analysis
Gradient-Thickness-Protected WGM Resonator
Optical trapping in resonant systems, such as the WGM

microbottle resonator, exploits two fundamental forces,
i.e., the optical gradient force and the optical scattering
force. The gradient force arises from the spatial inho-
mogeneity of the light intensity, creating a potential well
that attracts particles to the positions of electric intensity
maxima, thereby achieving stable confinement. In con-
trast, the scattering force stems from momentum transfer
as photons interact with the particle, driving propulsion
along the beam’s direction via radiation pressure. These
forces, amplified by high-Q resonators, enable precise
manipulation.
Figure 1 illustrates the GTP WGM microbottle reso-

nator, formed by a hollow optofluidic microbottle with a
tapered wall profile: the equatorial center (C) has a wall
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Fig. 1 Gradient-thickness-protected WGM microbottle resonator for large-scale particle trapping. a Schematic of particle trapping in the
microbottle WGM resonator. b Microscope image of the microbottle, overlaid with simulated optical hotspots near the inner wall. c Zoomed-in rz-
view of the optical hotspots at equatorial center, showing the action of the optical gradient force. d xy-view showing the action of the optical
scattering force
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thickness of 1μm, while the axial ends (A and A’) measure
5 μm. To excite WGMs, a fiber taper is used to evanes-
cently couple laser light into the resonator (Fig. 1a). In the
resonator, the optical field propagates as a traveling wave
along the azimuthal direction (i.e., φ-axis). Simulta-
neously, the excited WGM forms an array of eigenmode
field strength antinodes (optical hotspots) along the axial
(i.e., z-axis) and radial (i.e., r-axis) directions near the
inner wall (Fig. 1b). These optical hotspots enable large-
scale particle confinement whereby the optical gradient
force draws particles toward and aligns them along the
centers of the hotspots (Fig. 1c), and the optical scattering
force induces rotational motion near the inner wall (Fig.
1d). The direction of the resulting circular particle tra-
jectories corresponds to and aligns with the laser input
direction.
The gradient-thickness thinned-wall design of the

microbottle resonator offers two key performance
advantages over conventional WGMs. First, near the
equatorial region, the thinned wall enables the coupled
optical field to leak almost entirely into the liquid core
across a hotspot region spanning several micrometers
(Fig. 1b). This results in a significantly larger optical force
and trapping region compared to the shallow, 100-nm-
scale evanescent waves in traditional WGMs, thereby
reducing the required optical power and enhancing par-
ticle manipulation efficiency. Second, the peak optical
field at both ends (P and P’) remains confined within the
fused glass capillaries (Fig. 2a), shielding it from inter-
ference by trapped particles. In contrast, conventional
WGMs expose the peak optical field at both ends, making
them vulnerable to perturbations of trapped particles that
diminish intracavity field intensity and weaken optical
trapping stability. The GTP WGM microbottle resonator
mitigates this issue by localizing the peak optical field
within the resonator, which is further explored in the next
section.

E-field distribution Analysis
To highlight the superiority of the GTP WGM

microbottle resonator as compared to a uniform thick-
ness one, a two-dimensional axisymmetric model based
on the finite element method (FEM) was employed in
COMSOL Multiphysics software to simulate the mode
field distributions in both cases. WGMs in a microbottle
resonator are characterized by three quantum numbers
(m, p, q), denoting the azimuthal, radial, and axial
orders, respectively. All simulations were conducted
with a fixed azimuthal order of m= 875 to ensure a
resonant wavelength near 950 nm. Figure 2a, b shows
the electric field (E-field) distribution in the GTP and
uniform thickness WGM microbottle resonators, with
radial and axial mode orders (p, q) of (3, 61) and (3, 53),
respectively. The confinement of WGMs relies on total

internal reflection at the resonator’s outer surface. A
reduction in the local wall thickness thus causes higher-
order radial components of the mode to leak from the
silica wall into the liquid core. Due to the overall thin
wall, both configurations exhibit most E-field antinodes
localized within the liquid core (several μm from the
inner surface).
Furthermore, the excitation of high-order axial modes

leads to an extended field distribution along the micro-
bottle axis. The axial E-field profile resembles high-order
Hermite functions26, naturally resulting in two intensity
maxima at the axial ends. The GTP WGM microbottle
resonator strategically leverages its axial wall-thickness
gradient to manage these inherent field properties: the
thicker walls at both axial ends (P and P’) confine the
peak E-field within the silica wall (Fig. 2c) to maintain a
high-Q resonance, while the thinner wall at the equatorial
center (C) allows a portion of the mode to leak into the
liquid core (Fig. S1), enabling efficient particle trapping. In
contrast, in the uniform thickness WGM microbottle
resonator, almost all E-fields are localized within the
liquid core, including the peak E-fields at both ends (Fig.
2d), which will be perturbed significantly when particles
are being trapped at the peak E-field position. Further-
more, since silica has much lower absorption for 950-nm
infrared light compared to deuterium oxide (D2O, heavy
water), medium used in the experiments, the GTP WGM
that confines the peak E-field within the silica wall theo-
retically has a higher Q factor than the uniform thickness
one with peak E-field in the liquid core.
Assuming critical coupling between the fiber taper and

the microbottle resonator, the intracavity field enhance-
ment factor (B) is defined as27

B ¼ λ0Q
4πneffL

1

1þ 4Q2 Δλ=λ0ð Þ2 ð1Þ

where λ0 is the resonant wavelength of the microbottle
resonator, Q and neff are the Q factor and effective
refractive index of the WGM, respectively. L is the
trajectory length that the WGM travels around the
microbottle resonator in a single lap. Δλ/λ0 is the relative
resonant wavelength shift due to trapped particle
perturbation, which is expressed as

Δλ=λ0 ¼ 4πε0R
3
p

εp � εm
εp þ 2εm

Ep

�
�

�
�2

R
ε0εm Ecj j2dV

ð2Þ

where ε0 is the electric constant, εp and εm are the relative
dielectric constants of the trapped particle and liquid
medium in the microbottle, respectively. Rp is the radius
of the trapped particle, Ep is the electric field intensity at
the particle position, and Ec represents the electric field
intensity distribution in the microbottle resonator.
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Optical resonators facilitate efficient and effective par-
ticle trapping because of the amplified intracavity field
intensities (high value of B). However, trapped particles
inevitably induce a resonant wavelength shift (Δλ), more
significant when the E-field intensity at the particle
position (Ep) is large (Eq. (2)). This, in turn, substantially
attenuates the intracavity field intensity based on Eq. (1),
and affect the particle trapping efficiency significantly.
Figure 2e illustrates the relative attenuation ratio of the
intracavity field enhancement factor (B) for both micro-
bottle resonators when a 500-nm-radius polystyrene (PS)
particle is trapped at different axial positions, presented
on a logarithmic scale. Here, the maximum intracavity
field enhancement factor Bmax is defined as λ0Q=4πneffL,
representing the case without particle perturbation. As
shown in Fig. 2e, comparison of the worst-case relative
attenuation ratio (B/Bmax) at the axial position of peak E-
field intensity (where particle-induced perturbation is
maximal) of the two microbottle resonators (10-3.11/10-
3.84) reveals that the uniform thickness microbottle reso-
nator exhibits a 5.37-fold higher attenuation than the
GTP WGM microbottle resonator. This demonstrates
that the GTP WGM microbottle resonator possesses
markedly greater tolerance to large-scale particle trap-
ping. The GTP WGM resonator’s dual functionality

stabilizes the resonant frequency and maintains intra-
cavity field intensities during trapping, thus providing
robust and efficient multiple particle manipulation in the
optofluidic microbottle resonator.

Optical Force Analysis for Particle Trapping
For a particle trapped by the GTP WGM microbottle

resonator, the optical gradient force is defined as21

Fgrad ¼ BPπε0∇ ENj j2R3
p
εp � εm
εp þ 2εm

ð3Þ

where P is the input power from the fiber taper to the
microbottle resonator, and EN is the normalized electric
field of the GTP WGM, i.e., EN ¼ NcEc. The normal-
ization coefficient Nc is expressed as

N2
c ¼

2
ffiffiffiffiffi
μ0

p
ffiffiffiffiffiffiffiffiffi
ε0εm

p RR
Ecj j2dx�dy ð4Þ

where μ0 is the magnetic constant. Particle trapping is
achieved by the optical gradient forces acting in both
radial and axial directions. In the simulation, the light
wavelength is set to 952 nm, with a Q factor of 107 and an
incident power (P) of 1 mW. The calculated Bmax is 909
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according to Eq. (1). The optical gradient forces on a 500-
nm-radius PS particle along the radial and axial directions
are shown in Fig. 3a, b, respectively. In the radial direction
(i.e., r-axis), the gradient force on the particle becomes
zero at r ≈ 104.8 μm, indicating that the particle is
confined to a position 2 μm away from the microbottle’s
inner surface. Along the axial direction (i.e., z-axis), the
gradient force has zero values at multiple positions (58
hotspots), forming a series of stable trapping orbits that
enable large-scale optical trapping. Meanwhile, the
propagating GTP WGM exerts an optical scattering force
in the azimuthal direction (i.e., φ-axis) on the trapped
particles, establishing a dual-action mechanism: the
gradient force pushes the particles toward the inner
surface and confines them at multiple discrete axial
antinodes, while the scattering force propels the particles
along circular trajectories via momentum transfer.

Experimental Results And Discussion
Fabrication process and experimental setup
As shown in Fig. S2, the thin-walled hollow optofluidic

microbottle resonator was fabricated from glass capillaries
(TSP075150, Polymicro Technologies) via a fuse-and-

blow technique. A glass capillary was first etched with
hydrofluoric acid to thin its walls to 5 μm. One end was
then sealed using a fiber fusion splicer via high-voltage
discharge. The other end was connected to a syringe via a
Teflon tube. Multiple discharges were performed to melt
and soften the glass capillary while the syringe was pushed
to apply air pressure; the combined action expanded the
capillary and formed a slightly bulging microbottle
structure. The microbottle has an equatorial wall thick-
ness as thin as 1 μm and an equatorial diameter of
215.72 μm (Fig. 1b). The outer contour of the microbottle
can be approximately fitted with a Gaussian line shape
as28

routerðzÞ μm½ � ¼ 62:55þ 45:31 � e�5:64 ´ 10�5z2 ð5Þ

where 62.55 μm is the outer radius of the capillary, and
107.86 μm (routerðz ¼ 0ÞÞ is the outer equatorial radius of
the microbottle. Microscopic measurements confirm that
the microbottle structure exhibits a wall thickness of 5 μm
at its capillary portion and 1 μm at the equatorial region.
Since the volume of glass remains the same during the
transformation from capillary to microbottle, the inner
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Fig. 4 Representative microscopic images extracted from Supplementary Movie 1, demonstrating large-scale PS particle trapping in the
GTP WGM microbottle resonator under an input power of 1.03mW. Red curves represent the boundary of the microbottle. The fiber taper
between the white dashed lines served as the optical coupler for high-order axial WGMs, whereas the central fiber taper (line at the center) remained
inactive. Blue circles highlight the trapped particles, which rotate along multiple equatorial trajectories
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contour of the microbottle can be expressed as

rinnerðzÞ μm½ � ¼ 57:55þ 49:31 � e�6:09 ´ 10�5z2 ð6Þ

Therefore, the wall thickness increases from the equa-
torial centre (1 μm) towards both axial ends (5 μm). The
integrated structure was then packaged to enhance
mechanical stability (see more details in Fig. S3). The
experimental setup is illustrated in Fig. S4. A tunable laser
(CTL 950, 920–990 nm, TOPTICA) serves as the input
light source, and the polarization state is adjusted to the
transverse magnetic (TM) mode via a polarization con-
troller, thereby maximizing the light-particle interaction.
The TM-mode laser light is split into two light paths with
a 1:99 splitter. One path is directly connected to a power
meter (S120C, Thorlabs) to obtain the reference level of
the input light power. The other path is coupled to the
fiber taper and evanescently coupled into the hollow
optofluidic microbottle resonator, exciting the GTP
WGM. Polystyrene (PS) particles (DSM01, Huge) with a
radius of 500 nm were diluted into D2O at a concentration
of 107 particles/mL and injected into the hollow opto-
fluidic microbottle via a syringe pump (LSP02-1B,

LongerPump) using the withdrawal mode. The use of
D2O significantly reduces infrared absorption and asso-
ciated heating as compared to H2O. The velocity and
viscosity of the flow are 40 μm/s and 1.2 mPa·s, respec-
tively. To minimize particle adhesion, the microbottle’s
inner surface was treated with PEG-silane at 2.11 mg/mL
in absolute ethanol (EtOH). The channel was then rinsed
with absolute EtOH to remove unreacted silane and
impurities, followed by introduction of TAE buffer to
hydrate and extend the PEG chains in an aqueous envir-
onment. The optical trapping dynamics are recorded by a
charge-coupled device (CCD) camera (BC4800, Bosheng)
through a microscope system (BX51, Olympus), and the
output WGM signal is detected by a photodetector
(APD430A/M, Thorlabs).

Large-Scale Particle Trapping
The fabricated GTP WGM microbottle resonator

achieves an ultra-high Q factor of approximately 2.6 × 10⁷,
as shown in Fig. S5. Using the fiber taper positioned away
from the equator, high-order axial WGMs were excited to
enable large-scale particle trapping. The trapping of large-
scale PS particles was recorded (Supplementary Movie 1),
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Table 1 Comparison of different near-field optical trapping platforms

Platform Trapping region (μm) Particle interacting field Localized trapping Refs.

WGM resonator 0.5 - 3.5 Evanescent wave No 13–16,22

Waveguide 0.35 Evanescent wave Yes 30

Slot waveguide 0.1 Field strength antinode No 7

Photonic crystal resonator 0.2 Field strength antinode Yes 31

Surface plasmon polaritons 80 Evanescent wave No 32

Photonic nanojet array 28 Field strength antinode Yes 33

Metasurface 30 Field strength antinode Yes 34

GTP WGM resonator 195 Field strength antinode, enhanced robustness Yes This work
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and the trapping events within a 1-min observation window
are analyzed and shown in Fig. 4. 11 separate particle
trapping events (labeled as T1–T11) are observed. Under
the surface functionalization protocol, particle adhesion to
the inner surface was greatly suppressed, with only occa-
sional instances observed during experiments. A trapped
particle is first subjected to axial-radial confinement, being
pulled towards one of the stable axial antinodes near the
inner surface of the microbottle by the strong optical gra-
dient forces. Subsequently, the strong scattering force due
to the excited GTP WGM causes an azimuthal propulsion
of the trapped particle, creating a circular (orbital) trajec-
tory along the inner surface of the microbottle at the axial
antinode. In Supplementary Movie 1 with a 2D perspective
of the CCD camera, such an orbital trajectory appears as a
horizontal oscillating motion (left to right to left), accom-
panied by alternating out-of-focus and in-focus observa-
tions of the trapped particle; the non-sphericity of the
particles is an imaging artifact from anisotropic lensing by
the ellipsoidal, water-filled microbottle29. The stability of
these multiple orbital motions proves that large-scale PS
particles are trapped at multiple axial antinodes in the
microbottle stably, even under a continuous fluid flow at
40 μm/s, due to the strong optical gradient forces in the
GTP WGM resonator.
Figure 5a summarizes the velocities of trapped PS parti-

cles at various axial distances from the equatorial center
under different incident optical powers. The trapping
regions, Ⅰ - Ⅸ, denote areas with axial distances from the
equatorial center of 0–7.5 μm, 7.5–22.5 μm, 22.5–37.5 μm,
37.5–52.5 μm, 52.5–67.5 μm, 67.5–82.5 μm, 82.5–97.5 μm,
97.5–112.5 μm, and 112.5–127.5 μm, respectively. With an
input power of 1.03mW, the microbottle resonator enables
trapped particles to exhibit a uniform rotational velocity
larger than 12 μm/s within an axial range extending up to
±97.5 μm (i.e., 195 μm). The observed axial trapping range
indicates an excitedWGM axial mode order of q ≈ 278 (see
details in Supplementary Note 1 in the Supplementary
Information).
Particle trapping is observed even when the input

power is reduced to 0.46 mW. A series of five experi-
ments was conducted to determine the minimum optical
power for maintaining particle orbital motion. The
velocities of all trapping events within the ± 97.5 μm
axial range are averaged, and the results are presented in
Fig. 5b. Through linear fitting, the threshold optical
power for trapping 500-nm-radius PS particles is esti-
mated to be 0.198 mW. To further evaluate the repro-
ducibility of this performance, we fabricated and
characterized two additional devices. As summarized in
Fig. S6, all three devices consistently enable uniform
particle rotation across the 195 μm axial span, with well-
aligned velocity-power relationships, confirming satis-
factory reproducibility.

As summarized in Table 1, the GTP WGM microbottle
resonator offers competitive advantages over other near-
field platforms. Its excitation of high-order WGMs
enables large-scale (195 μm) optical trapping. This
approach leverages deeply penetrating (several μm) field
strength antinodes for direct and strong light-matter
interaction, while the gradient wall confines the peak field
within the silica to ensure exceptional robustness against
perturbations. These performance benefits, together with
simple fabrication and cost-effectiveness, collectively
establish our device as an ideal platform for scalable
optical manipulation.

Localized and Tunable Particle Trapping
Localized optical trapping is achieved at the equatorial

center by exciting low-order axial WGMs, which exhibit a
highly concentrated optical field suitable for forming
standing waves. This is achieved by switching the laser
light input to the equatorial fiber taper. To form a stable
standing wave for three-dimensional particle confine-
ment, two counter-propagating coherent beams are
simultaneously coupled through this equatorial fiber taper
using a 3-dB optical coupler, as illustrated in Fig. 6a. The
excited counter-propagating WGMs form a standing
wave at the equatorial center, where optical scattering
forces from opposing directions cancel out, enabling
three-dimensional particle trapping and confinement in
the axial, radial, and azimuthal directions. Moreover, the
standing-wave antinodes (or the particle trapping posi-
tion) can be shifted along the azimuthal direction by
adjusting the phase difference between the two beams. By
changing the phase difference from 0 to π, the hotspot at
the equatorial center will be shifted half the distance
between the two hotspots along the φ direction as shown
in Fig. 6b. In the experiment, we use a piezo fiber stretcher
to induce phase shifts in one input beam, and the corre-
sponding experimental setup is illustrated in Fig. S7. By
applying a 1-Hz square waveform to the piezo fiber
stretcher, the phase difference between the two beams is
alternately changed between 0 and 12π. Figure 6c (see also
Supplementary Movie 2) shows that the particle is con-
fined but azimuthally displaced within a 3-μm region.
This result demonstrates the localized particle manip-
ulation capability of the GTP WGM microbottle
resonator.

Conclusions
We theoretically and experimentally demonstrate a

thin-walled hollow GTP WGM microbottle resonator for
optical trapping. By exploiting the gradient-wall thickness
structure, for the first time, our approach significantly
enhances the anti-interference capability against trapped
particles, showing a more robust particle trapping
mechanism. Moreover, the GTP WGM microbottle
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resonator enables large-scale particle trapping and sen-
sing, allowing particles to rotate uniformly along multi-
equatorial orbits within an extended axial range of up to
195 μm. Our experiments reveal that 500-nm-radius PS
particles can be trapped with an ultralow threshold power
of 0.198 mW. In addition, the GTP WGM microbottle
resonator demonstrates localized and tunable optical
trapping capability by using two counter-propagating
coherent beams and varying their phase difference.
With its multiple particle-trapping orbits, extended

trapping range and highly compact architecture, the GTP
WGM microbottle resonator offers considerable potential
for diverse multifunctional applications. It provides an
ideal platform for high-throughput single-cell analysis,
enabling parallel, real-time monitoring of the physiologi-
cal dynamics of microorganisms confined within isolated
orbits. The pronounced dependence of potential well
depth on particle size and shape further facilitates label-
free sorting of bioparticles such as yeast and E. coli. In
addition, the rapid orbital motion of trapped particles
enhances micromixing and increases surface collision
frequency, thereby accelerating biochemical reactions in a
manner reminiscent of catalytic processes. The platform’s
capacity for localized and tunable trapping also opens
avenues for targeted drug loading onto carrier particles.
To advance this design from laboratory proof-of-concept
to practical microsystems, several challenges must be
overcome, foremost among them the development of
scalable, high-performance fabrication strategies. The
adoption of top-down micro/nanofabrication techniques
will be essential to ensure device uniformity, reproduci-
bility, and robust performance in future implementations.
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