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Abstract
The precision assembly of anisotropic nanostructures is a prerequisite for next-generation integrated microsystems,
quantum photonics, and bio-interfaces. However, bridging the gap between individual manipulation accuracy and
scalable, programmable manufacturing remains a grand challenge. Current optical and alternative physical field
approaches are hindered by inadequate control stability, thermal damage, and interfacial adhesion limitations. Here,
we report a robust hybrid opto-electric microsystem that synergizes alternating current (AC) electric fields with
holographic optical tweezers to overcome these barriers. By introducing an Optical Electro-aligning Manipulation
(OEM) strategy, we convert the stochastic motion of nanowires into deterministic, pre-aligned trajectories, significantly
minimizing scattering forces and optimizing trapping stability. This results in a 38% increase in capture success rate, a
50% reduction in laser power requirements, and a 39% increase in translation speeds for Ag, TiO2, GaAs, and InAs
nanowires. Furthermore, we demonstrate “nano-calligraphy” as a lithography-free patterning technique, enabling the
programmable construction of complex micro-patterns with sub-micron resolution. The capability for parallel control
of up to seven nanowires and the successful manipulation of biological agents (bacteria) confirm the system’s
scalability and versatility. This work establishes a powerful nanomanufacturing platform for the bottom-up assembly of
functional NEMS devices, photonic networks, and cellular nanoprobes.

Introduction
Bottom-up assembly of one-dimensional nanos-

tructures (e.g., nanowires, nanotubes) enables revolu-
tionary advances in Nano-Electro-Mechanical Systems
(NEMS), quantum devices, and biohybrid systems, owing
to their anisotropic electronic and optical1. These aniso-
tropic building blocks possess distinctive properties
including plasmonic resonance2,3, quantum confinement4,
and piezoelectric responses5, enabling breakthroughs in
single-photon sources, neural probes, and ultrasensitive
NEMS sensors. However, realizing the full potential of

these materials requires transforming laboratory-scale
manipulation into reliable, scalable manufacturing pro-
cesses capable of reconciling nanometer precision with
high-throughput programmability.
State-of-the-art strategies for nanowire manipulation

face fundamental engineering limitations6. Optical
approaches, exemplified by optical tweezers (OT), offer
non-contact control with sub-diffraction positioning
accuracy7–9. However, for high-aspect-ratio nanos-
tructures, which have elongated geometry and strong
interactions with ambient environments, OT manipula-
tion faces significant challenges. Improved methods
include light field modulation strategies that optimize
light-matter interactions. For instance, photonic nanojets
have been utilized to regulate soft microalga-robots for
controllable navigation10. Similarly, by tailoring light
fields with advanced photonic structures11,12, plasmonic
hybridization, where metallic nanostructures generate
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localized surface plasmon resonances to confine light at
subwavelength scales, enables high-precision trapping of
nanoparticles with reduced laser power13. Another
method involves customizing the shape of light fields,
tailoring the spatial profile of the laser beam to enhance
3D trap stiffness without increasing laser power14. Despite
progress, localized heating, the lack of anisotropic optical
response modeling and insufficient orientation/stiffness
control for nanowire manipulation remain bottlenecks.
Alternative physical-field methods, for example, opto-
thermoelectric nanotweezers and recent highly adaptable
optothermal traps15,16, combine laser-induced thermal
gradients and alternating current (AC) electric fields to
generate electro-thermo-plasmonic flows or manage
solid-liquid interfaces for molecular sensing17; optoelec-
tronic tweezers (OET) apply a nonuniform electric field to
dynamically manipulate and separate individual semi-
conducting and metallic nanowires18. Constrained by
limitations in three-dimensional manipulation and sub-
strate adhesion, these methods fail to deliver the preci-
sion, versatility, and biocompatibility required by next-
generation applications19–21.
Herein, we propose and demonstrate an Optical

Electro-aligning Manipulation (OEM) strategy to address
the challenge of nanowire manipulation. This technique
integrates a holographic OT system with a spatially uni-
form AC electric field. Our strategy leverages the synergy
of two physical fields (Fig. 1): (1) the AC field provides a
deterministic alignment torque to pre-orient nanowires,
suppressing orientational entropy; (2) the OT provides
high-precision spatial positioning. By engineering this
field coupling, we maximize the polarizability anisotropy
of the nanowires, amplifying gradient forces while mini-
mizing scattering. We employ finite element simulations
combined with theoretical models to qualitatively explain
these two physical phenomena (Fig. 2). We experimentally
validated the OEM strategy on various metal and semi-
conductor nanowires using a custom-fabricated OT chip
designed to integrate the AC electric field. Consequently,
the success rate for optically trapping pre-aligned nano-
wires increased by 38% compared to that of conventional
OT. Furthermore, the OEM approach reduced the optical
power threshold for stable trapping by 50% and increased
the maximum manipulation speed by 39% (Fig. 3). To
highlight the manufacturing capabilities of our platform,
we demonstrate intricate nano-calligraphy by using
nanowires as optically guided brushes, showcasing pre-
cise, programmable manipulation of both single and
multiple nanowires in parallel (Fig. 4). The versatility of
the OEM strategy was further confirmed by extending its
application to other rod-shaped nanostructures, such as
Bacillus subtilis bacteria (Fig. 5). This hybrid opto-electric
framework establishes a powerful and versatile platform
for multi-modal micro- and nanomanipulation,

contributing to the fundamental understanding and
application of hybrid-field control over matter.

Results
Figure 1 illustrates the schematic of the experimental

setup and the fundamental principle of the OEM strategy.
Our apparatus is a multiphysics-coupled system that
integrates a holographic OT with an electrical control
module. A photograph of the physical apparatus is pro-
vided in the Fig. S1. Figure 1a shows a simplified optical
path diagram. The 1064-nm laser reaches the back
aperture of the objective after expansion and modulation
by a series of mirrors, lenses, and a spatial light mod-
ulator. To generate a sufficiently strong optical gradient
force, a 100× oil immersion objective with a numerical
aperture of 1.3 was used. The zoomed-in schematic
(indicated by the dashed box) details the custom-
designed OT chip, which features a three-layer sand-
wich structure. A liquid suspension of nanowires is sealed
between two transparent indium tin oxide (ITO)-coated
glass slides that serve as electrodes. An AC signal, pro-
duced by a function generator and subsequently ampli-
fied, is applied to these ITO electrodes to generate a
uniform electric field within the sample chamber.
Detailed information please see in Methods Section.
Real-time imaging of the manipulation is performed
using a CMOS camera. A representative SEM image of a
silver nanowire (3 µm in length, 100 nm in diameter) is
also shown. As illustrated in Fig. 1b, conventional optical
trapping of nanowires is inherently challenging. Their
high aspect ratio results in a dominant optical scattering
force, which typically prevents the stable trapping of
randomly oriented nanowires. However, we observe that
applying an AC electric field induces a rapid reorienta-
tion of both metal and semiconductor nanowires. This
reorientation arises from the torque exerted by the
electric field on the induced dipole moment of the
nanowire. This process, termed electric alignment or
polarization, is depicted in Fig. 1c. Once aligned, the
nanowires can be stably trapped and manipulated by the
OT (Fig. 1d), a consequence of the enhanced gradient
force and minimized optical scattering. Figure 1e–g
provide a temporal sequence of microscope images
documenting this electric alignment process. Initially, the
nanowires are randomly oriented (Fig. 1e). Upon appli-
cation of the AC field, they promptly rotate to align with
the field lines (Fig. 1f). Finally, they become stably aligned
with their long axis perpendicular to the imaging plane,
such that only their cross-section is visible (Fig. 1g). A
video demonstrating the dynamics of this alignment
process is available in the Movie S1.
To elucidate the electric and optical forces acting on the

nanowires, we performed finite element method simula-
tions. The simulations modeled a silver nanowire (10 µm
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in length, 200 nm in diameter) suspended in a rectangular
aqueous domain (100 µm × 40 µm), as shown in Fig. S2.
An AC potential difference of 10 V was applied across the
z-direction of the domain to generate the electric field.
Further simulation parameters are detailed in the Sup-
plementary Information. To theoretically elucidate the
alignment mechanism, we initially employed a simplified
2D model in the x-z plane to visualize the resultant forces.
We acknowledge that this 2D model approximates the
nanowire geometry as an infinite plate rather than a finite
cylinder. To rigorously validate the physical mechanism,
we further performed full 3D finite element simulations
(see Figs. S3–5 in Supplementary Information). The 3D
results exhibit excellent qualitative agreement with the 2D

analysis, confirming that the charge concentration at the
nanowire tips generates a restorative torque that drives
the nanowire toward a stable vertical equilibrium. To
elucidate the interaction between the optical and electric
fields, we considered the vast frequency disparity between
the AC electric field and the optical trapping laser. The-
oretically, this time-scale separation implies that direct
electromagnetic interference is negligible. To rigorously
validate this, we performed a verification using a fully
coupled multi-physics model, shown in Fig. S6. The
results confirmed that the influence of the low-frequency
electric polarization on the optical field propagation is
minimal. The nanowire was rotated by 1 degree with a
fixed step size, starting from a position parallel to the X-
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Fig. 1 Schematic of the setup and nanowire electric field alignment. a Simplified optical path diagram of the holographic optical tweezers. The
optics include: a laser, a beam expander, 1/2 waveplates, a spatial light modulator, mirrors, lenses, a polarization beamsplitter prism, a condenser and
a camera. A scanning electron microscope (SEM) image of the silver nanowires used in the experiment is shown on the screen. Scale bar: 1 µm. The
dashed box indicates the location of the microfluidic chip, and the corresponding zoomed-in view of the chip and nanowire sample is shown on the
right side of the image, where the electrical signal is generated by the signal generator and transmitted to the chip. b–d Schematic of the process of
stably trapping nanowires using OT in an electric field. e–g Microscopic images of the electrically alignment process of nanowires: e Randomly
oriented nanowires. f Upon powering on, nanowires orient and rotate. g In the steady state, the nanowires are vertically aligned. Scale bar: 10 µm
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axis, and rotated through 180 degrees while recording the
electric field force at each orientation. Figure 2a–c depicts
the results for three representative angles: 0°, 60°, and 90°.
In these panels, the color map represents the electric
potential distribution, while the blue arrows indicate the
direction and relative magnitude of the resultant electric
force.
At 0° (Fig. 2a), where the nanowire is perpendicular to

the electric field, it experiences a symmetric and relatively
weak net force. However, this orientation represents an
unstable equilibrium; any minor perturbation creates a

net torque that induces rotation. Figure 2b shows a
transient state at 60°, where this induced torque is actively
reorienting the nanowire. At 90° (Fig. 2c), the nanowire
aligns parallel to the electric field, reaching a stable
equilibrium where both the net force and torque are
minimized. Next, we simulated the optical forces exerted
on the same nanowire model by a focused Gaussian beam,
characteristic of an optical tweezer. In this 2D model, the
axial force along the z-axis, the direction of beam pro-
pagation, is dominated by the scattering force, while the
transverse force along the x-axis is primarily the gradient
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simulation showing the relationship between the torque on the nanowire and its orientation angle. The arrows indicate the angles corresponding to
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force. When the nanowire is oriented perpendicular to the
beam axis (Fig. 2d), it experiences a strong axial scattering
force, pushing it out of the trap. At an oblique angle
(Fig. 2e), the nanowire is subjected to a complex combi-
nation of forces and torques that are typically unbalanced,
leading to unstable dynamics. Conversely, when the
nanowire is aligned parallel to the beam’s propagation
direction (Fig. 2f), the scattering forces are minimized and
balanced, allowing the transverse gradient force to stably
confine the nanowire at the beam’s focus. In addition, we
simulated the induced charge distribution and resulting
dipole moment of the nanowire within the electric field in
Fig. 2g–i. In these figures, the background shows the
electric field streamlines and intensity distribution. When
the nanowire is perpendicular to the electric field (Fig. 2g),
the charge separation is negligible, resulting in a minimal
induced dipole moment. As the nanowire rotates to align
with the field, charge accumulates at its ends, and the
induced dipole moment increases, reaching its maximum
when fully aligned (Fig. 2i). Movie S2 shows the dynamic
evolution of the charge distribution and dipole moment
during this rotation.

Figure 2j–m provide a quantitative analysis of the
simulation results, corresponding to the orientations
depicted in Fig. 2a–i. Figure 2j plots the calculated
electric-field-induced torque on the nanowire as a func-
tion of its orientation angle. The torque is zero at 0° and
90°, corresponding to the unstable (Fig. 2a) and stable
(Fig. 2c) equilibrium positions, respectively. At inter-
mediate angles, a significant restoring torque, reaching a
maximum magnitude of approximately 400 pN µm, acts
to drive the nanowire toward the stable, field-aligned
orientation. The calculated optical forces are decomposed
into their axial (scattering) and transverse (gradient)
components in Fig. 2k, l, respectively. The axial scattering
force, which acts to destabilize the trap, is maximized at ≈
40 pN when the nanowire is perpendicular to the beam
axis (0°, Fig. 2d) and is minimized (<1 pN) in the parallel
orientation (90°, Fig. 2f). Conversely, the transverse gra-
dient force, which provides confinement, is strongest at
intermediate angles and diminishes as the nanowire
approaches either a fully perpendicular or parallel orien-
tation. Finally, Fig. 2m quantifies the magnitude of the
induced dipole moment as a function of angle. The dipole
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moment is minimal when the nanowire is perpendicular
to the electric field (0°) and maximal when parallel to it
(90°), with the two states differing by nearly an order of
magnitude.
To validate the OEM strategy and quantify its perfor-

mance benefits, we conducted experiments on four dis-
tinct metal and semiconductor nanowires: silver (Ag),
titanium dioxide (TiO2), gallium arsenide (GaAs), and
indium arsenide (InAs), all possessing an average aspect
ratio exceeding 10. Representative SEM images of indi-
vidual nanowires for each material are presented in the
upper panels of Fig. 3a–d. The Ag and TiO2 nanowires
were commercially sourced, whereas the GaAs and InAs
nanowires were synthesized in-house. Synthesis and

material details are provided in the Methods and Sup-
plementary Information. Morphologically, the Ag nano-
wires exhibit superior size uniformity, whereas the TiO2

nanowires possess a larger average length and diameter.
To characterize the electrokinetic behavior of each
material, we first measured the alignment response time
of the nanowires to the applied AC electric field. The
response time was defined as the interval from field
application to the moment the nanowire’s major axis first
became parallel with the electric field lines, determined
via frame-by-frame video analysis. This method provides
temporal resolution in the millisecond range. Funda-
mentally, this alignment is a passive process driven by the
torque generated from the interaction between the field
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Fig. 4 Nano-calligraphy created with nanowires. a A single nanowire is trapped by OT in electric field and draws the outlines of the letters “B”, “I”
and “T”. Scale bar: 5 µm. b A single nanowire draws the outline of a Loong. Scale bar: 5 µm. c Three nanowires are captured by three optical traps and
draw the outline of the school emblem in parallel. Scale bar: 5 µm. More details in Fig. S7 and Movies S3-5
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and the nanowire’s induced dipole moment22. The mag-
nitude of this torque is proportional to the real part of the
Clausius–Mossotti (CM) factor, a frequency-dependent
term related to the dielectric properties of the nanowire
and the surrounding medium. Our experimental conclu-
sions are consistent with previous studies23–27 which
show that Ag nanowires respond fastest at higher fre-
quencies (≥1MHz), with alignment times of 0.1–1 s. In
contrast, the semiconductor nanowires (GaAs, InAs)
exhibit optimal alignment in the mid-frequency range
(500 kHz–5MHz)28–32, with response times of 0.2–0.8 s.
We also observed that for a given material, nanowires
with larger aspect ratios generally exhibited longer
alignment times (Fig. 3a–d), consistent with an increase in
rotational drag. However, this geometric factor also plays
a constructive role: a larger aspect ratio significantly
enhances the nanowire’s polarizability anisotropy (as
detailed in Supplementary Information). This anisotropy
is the origin of the alignment torque itself. Therefore, a
high-aspect-ratio geometry, while increasing drag, is also
fundamental to generating the strong, stable alignment
torque that underpins the high trapping success rates and
enhanced manipulation speeds observed in Fig. 3e–g.

Following the electrical characterization, we quantita-
tively evaluated the enhancement in optical trapping
performance afforded by the OEM strategy. As shown in
Fig. 3e, applying the AC field dramatically improved the
trapping success rate (The mathematical definition is in
Methods part) for all four nanowire types, increasing from
a baseline of approximately 40% with conventional OT to
as high as 78% with the OEM technique. Furthermore, the
optical power threshold for stable trapping was reduced
by up to 50%, decreasing from a mean of 15mW to 7mW
(Fig. 3f). The maximum manipulation speed before
nanowire escape from the trap also increased significantly,
by up to 39% (from 26 µm/s to 36 µm/s), as shown in
Fig. 3g. Taken together, these results provide compelling
evidence that the OEM strategy substantially enhances
the performance and robustness of optical manipulation
for high-aspect-ratio nanostructures.
To showcase the high degree of stability and program-

mable control afforded by the OEM strategy, we utilized
optically trapped nanowires as styluses to trace pre-
defined calligraphic patterns. As established, the vertically
aligned nanowires present only their circular cross-
section to the top-down imaging plane, appearing as
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Fig. 5 Alignment and OT trapping of rod-shaped bacteria in an electric field. a Schematic diagram of rod-shaped bacteria aligned in an electric
field and trapped by OT. b Images of Bacillus licheniformis. Left: Microscope image, scale bar: 5 µm; right: SEM photograph. Scale bar: 1 µm. c Images
of Bifidobacterium. Left: Microscope image, scale bar: 5 µm; right: SEM photograph. Scale bar: 1 µm. d The process of OT trapping and moving the
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distinct points of contrast in the micrograph. The
apparent diameter of these points (typically a few hundred
nanometers to one micrometer) is a result of diffraction
and scattering from the nanowire tip. In a demonstration
of single-nanowire control, we trapped an individual
nanowire and translated it along a programmed trajectory
to trace the letters “BIT” at a constant speed of 15 µm/s
(Fig. 4a). The entire process is shown in Movie S3. To
demonstrate the tracing of more intricate paths, another
nanowire was guided at a lower speed to outline the
complex form of a Loong (The Chinese Dragon, a
legendary creature in Chinese mythology), as shown in
Fig. 4b. Throughout these manipulations, the nanowire
remained stably confined within the optical trap, exhi-
biting only minimal Brownian motion. Movie S4 records
the entire process. A key advantage of the integrated
holographic OT system is the capacity for parallel
manipulation of multiple nanowires. As depicted in
Fig. 4c, we simultaneously trapped three individual
nanowires in independent optical traps and coordinated
their movement to trace the outline of the Beijing Insti-
tute of Technology (BIT) emblem. In these parallel
manipulations, we achieved a minimum center-to-center
separation of approximately 2 µm between adjacent
nanowires. Notably, no loss of control was observed at
this proximity; our analysis indicates that the strong
external alignment torque dominates over local dipole-
dipole interactions, ensuring that each nanowire main-
tains an independent trajectory without interference from
the electric fields of its neighbors. Further examples of
parallel manipulation, including the tracing of a pine tree
with two nanowires and the head of a Labubu character
with seven nanowires, are provided in the Supplementary
Information (Fig. S7). Movie S5 shows these processes of
multiple nanowire calligraphy in parallel. Collectively,
these demonstrations underscore the key attributes of our
OEM strategy: high stability, parallel operation, and full
programmability.
Additionally, our hybrid system retains the versatility of

its constituent parts, enabling us to replicate manipulation
modalities previously demonstrated using either optical or
electric fields alone33–36. A For instance, by operating in a
low-power regime where optical scattering forces dominate
the gradient force33, we can induce planar translation and
rotation of nanowires, as shown in Fig. S8. Moreover, by
momentarily increasing the optical power, nanowires can be
pushed against the substrate, where they adhere via van der
Waals or capillary forces, a technique useful for controlled
deposition (Fig. S9). This demonstrates that our OEM
platform not only introduces significant performance
enhancements but also preserves the rich versatility inher-
ent to optical and electric field manipulation techniques.
To investigate the broader applicability of our OEM

strategy, we extended our study to other high-aspect-ratio

biological microstructures, specifically rod-shaped bac-
teria. These microorganisms often have dimensions
comparable to the nanowires studied, making them sui-
table candidates for testing the versatility of our techni-
que. While optical sorting of bacteria such as Escherichia
coli has been previously demonstrated37, stable trapping
and dexterous manipulation of individual rod-shaped
bacteria remain challenging. Figure 5a provides a sche-
matic of the proposed manipulation mechanism for rod-
shaped bacteria, analogous to that for nanowires. Initially,
the bacteria are randomly oriented in suspension. Upon
application of the AC field, they undergo dielec-
trophoretic alignment, which facilitates their subsequent
stable trapping and manipulation by the OT. For our
experiments, we selected two common probiotic species
as model organisms. Bacillus licheniformis is a gram-
positive thermophilic bacterium commonly found in soil,
known for its remarkable adaptability to harsh environ-
mental conditions38. Bifidobacteria, a genus of gram-
positive anaerobes, are microorganisms present in the
human body, with some strains used as probiotics39.
Optical microscope and SEM images of these two bacteria
are shown in Fig. 5b, c, respectively. Both species were
sourced from commercial medical-grade capsules and
prepared for experiments as detailed in the Methods
section. The successful application of the OEM strategy is
demonstrated in Fig. 5d, which shows a temporal
sequence of a Bacillus licheniformis bacterium being
trapped and maneuvered. An initially free-floating bac-
terium (highlighted by the white dotted circle) is first
shown in a random orientation. Upon activating the
electric field, it rapidly aligns with the field direction. The
aligned bacterium is then easily captured by the optical
trap and translated along a desired path. The entire pro-
cess is shown in Movie S6. This successful demonstration
with biological specimens underscores the general
applicability of our hybrid manipulation strategy, indi-
cating its potential for a wide range of applications
involving both abiotic and living high-aspect-ratio
microstructures.

Discussion
The discussion first addresses the fundamental

mechanism governing the orientation of nanowires in an
AC electric field. The observed alignment is driven by a
polarization-induced torque. When subjected to an AC
electric field, a nanowire develops an induced dipole
moment, the nature of which depends on the material. In
metallic nanowires, this dipole arises from the redis-
tribution of free charges, while in semiconductor nano-
wires, it results primarily from the displacement
polarization of bound charges.
The interaction of this induced dipole moment with the

external field generates a torque that acts to align the
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particle’s axis of highest polarizability with the field lines.
For a prolate spheroid model approximating a nanowire,
the time-averaged magnitude of this alignment torque,
can be expressed as a function of the angle θ between the
nanowire’s long axis and the electric field22:

hτi ¼ 2
3
πab2εmðAS � ALÞRe½KLKS�E2 sin 2θ ð1Þ

Here, a and b correspond to the semi-axis lengths along
the long and short directions; εm is the surrounding
medium’s permittivity, E signifies the electric field
magnitude, and K stands for the CM factor, AS and AL

are depolarization factors for short axis and long axis
respectively. The full formula can be found in the
Supplementary Note: Theory of nanowires in
electric field.
This equation shows that the torque is zero at both

θ ¼ 0� and θ ¼ 90�. As quantified by our simulations
(Fig. 2j), the torque is restorative, driving the nanowire
from the unstable equilibrium at θ ¼ 0� toward the stable
equilibrium at θ ¼ 90�. This theoretical result precisely
matches our simulation of the alignment process
(Fig. 2a–c) and our experimental observations (Fig. 1e–g).
The material-dependent frequency response observed in
Fig. 3a–d stems from the different physical origins of the
induced polarization, which are well-described by the CM
factor and associated interfacial relaxation mechanisms.
This frequency behavior is not dictated by the intrinsic
plasma frequency of the metal (which is in the optical/UV
range), but rather by interfacial charge relaxation (speci-
fically, Maxwell-Wagner relaxation) at the nanowire-
medium interface. For metallic nanowires (Ag) in an
aqueous medium, the polarization involves both free
electrons within the metal and mobile ions in the sur-
rounding fluid. At very low frequencies, mobile ions in the
liquid have sufficient time to migrate and form an electric
double layer (EDL) at the nanowire surface. This EDL
effectively screens the external field, reducing the polar-
ization of the nanowire, which in turn diminishes the
induced dipole moment and alignment torque. Conse-
quently, employing a DC electric field is not feasible for
this system. A DC field would not only lead to rapid
electrolysis of the aqueous medium, generating disruptive
bubbles, but would also result in complete screening of
the electric field by the double layer, thereby nullifying the
alignment torque required for stable trapping. As the
frequency increases into the MHz range (as seen in Fig.
3a), the field oscillates too rapidly for the relatively slow-
moving ions to form this screening EDL. The screening
effect is bypassed, allowing the external field to fully
polarize the highly mobile free electrons within the
nanowire. This results in a large induced dipole moment
and a strong alignment torque. The optimal response

observed at ≥1MHz is therefore consistent with this
Maxwell-Wagner relaxation, representing the frequency
range where ion screening is minimized while the internal
electron response remains robust.
Conversely, for semiconductor (GaAs, InAs) and

dielectric (TiO2) nanowires, the polarization is dominated
by their intrinsic dielectric properties (bound charge dis-
placement) and the motion of their internal (and less
mobile) charge carriers, rather than the high-density free
electrons in a metal. These materials possess different
characteristic relaxation frequencies. The optimal mid-
frequency range (500 kHz–5MHz) observed for the
semiconductor nanowires likely represents the peak of
their specific CM factor, where their polarization relative
to the medium is maximized, leading to the strongest
alignment torque40.
From the perspective of the balance between orienta-

tional energy and torque, the torque experienced by the
nanowires in an electric field governs their orienta-
tion40,41.

T ¼ p ´E ¼ jpjjEj sin θn̂ ð2Þ

θ is the angle between the long axis and the electric
field, p is the equivalent electric dipole moment formed by
the polarization of the nanowire in the electric field, which
characterizes the degree of separation of positive and
negative charges.
Due to the high aspect ratio of the nanowire, its

polarizability is highly anisotropic. The induced dipole
moment is thus described by

p ¼ α � E ð3Þ

where the polarizability tensor α exhibits a dominant
longitudinal component (αjj) over the transverse compo-
nent (α?) due to its high aspect ratio (See the
Supplementary Note: Theory of nanowires in electric
field for a detailed explanation).
Thus, when the long axis is aligned with the electric

field, the nanowires will achieve a maximum dipole
moment42. The potential energy minimization condition
of the system is given by43:

U ¼ �p � E ¼ �jpjjEj cos θ ð4Þ

When θ ¼ 0 the potential energy is the minimized, the
electric field is perfectly aligned corresponding to the
long axis.
Furthermore, the magnitude of this alignment torque is

intrinsically linked to the geometric anisotropy of the
nanowire. In our experiments, we confirmed robust
controllability for nanowires with aspect ratios ranging
from 5 to 50. Theoretically, as the aspect ratio approaches
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1 (spherical geometry), the polarizability anisotropy van-
ishes, rendering the alignment torque negligible. Our
theoretical analysis suggests an effective lower limit of
approximately 3, below which the electric alignment
torque is insufficient to overcome Brownian rotational
diffusion under safe operating voltages.
The second key aspect of our discussion is why the

OEM strategy so effectively enhances optical trapping
efficiency and stability. This can be understood by ana-
lyzing the interplay between optical scattering and gra-
dient forces. In optical trapping, the restorative gradient
force is responsible for stable confinement, while the non-
conservative scattering force tends to destabilize the
trap44. For high-aspect-ratio objects like nanowires, the
latter often dominates, making stable trapping difficult.
The scattering force is proportional to the incident optical
power and the particle’s scattering cross-section:

F scat ¼ nP
c
σscat ð5Þ

With n the refractive index of the medium, P the inci-
dent optical power, c the speed of light in a vacuum, σscat

the scattering cross-section of nanowires.
Our OEM strategy fundamentally alters the balance of

these forces. By pre-aligning the nanowire’s long axis to be
parallel with the beam’s propagation direction, the scat-
tering cross-section presented to the incident light is
minimized. As confirmed by our simulations, this parallel
orientation (Fig. 2f, k) results in a minimal scattering
force, whereas the perpendicular orientation (Fig. 2d, k)
maximizes it.
When the long axis of the nanowire is aligned with the

direction of light propagation, the scattering force acts
along the nanowire’s long axis (Fig. 1d). In this case, the
scattering force is aligned with the direction of motion
(axial) of the nanowire, allowing it to overcome viscous
resistance. In parallel directions, the strong transverse
gradient force cancels out the axial component of the
scattered force. In experiments, a lateral gradient force of
up to 10-10N can be generated by focusing a Gaussian
beam, well exceeding the scattering force (10−11 N).
With the destabilizing scattering force minimized, the

gradient force can effectively confine the nanowire. In
classical OT theory, the gradient force formula can be
expressed as45:

Fgrad ¼ 1
2
ReðαÞ∇jEj2 ð6Þ

For a tightly focused beam, the intensity gradient is
strongest in the transverse plane. When the nanowire is
aligned axially (along the z-axis), it is symmetrically
positioned within this strong transverse gradient, which

provides a robust restoring force against any lateral dis-
placements. This optimized transverse confinement,
coupled with the drastically reduced axial scattering force,
is the primary reason for the observed improvements in
trapping success rate and manipulation stability. Fur-
thermore, the stability of this optical trap is directly
dependent on the parameters of the applied electric field.
The magnitude of the alignment torque (Eq. 1) is pro-
portional to the square of the electric field amplitude. A
higher field amplitude thus provides a stiffer rotational
confinement, more effectively countering Brownian
motion and ensuring the nanowire remains in the opti-
mal, low-scattering-force alignment. This directly trans-
lates to a more stable optical trap, capable of sustaining
higher manipulation speeds (as shown in Fig. 3g). Simi-
larly, the field frequency is critical. As discussed, the
alignment torque is maximized when operating at the
optimal frequency range for the material’s CM factor
(Fig. 3a-d). Operating at non-optimal frequencies would
result in a weaker alignment torque, allowing for transient
angular fluctuations that increase scattering and decrease
trap stability, thereby diminishing the performance gains
of the OEM method. It is also worth noting that the
vertical alignment induced by the OEM strategy intro-
duces a trade-off between the spatial capturing range and
the trapping stability. As characterized in near-field
trapping studies46, the capturing range represents the
spatial domain where the trapping probability exceeds a
specific threshold. Theoretically, the reduced geometric
cross-section of a vertically aligned nanowire with the
Gaussian beam results in a slightly smaller effective
interaction volume compared to a randomly oriented
(horizontal) nanowire. Our additional experimental
observations (details in Fig. S10) confirm a minor reduc-
tion in the lateral capture radius. However, this geometric
constraint is outweighed by the significant suppression of
the axial scattering force. Once the nanowire enters this
reduced capture volume, the dominance of the transverse
gradient force ensures a substantially stiffer and more
robust trap. Consequently, the OEM system trades a
marginal decrease in long-range capture capability for a
significant improvement in positioning resolution and
retention stability, a trade-off that is highly favorable for
high-precision nanomanufacturing tasks.
Notably, for metallic nanowires, this parallel alignment

may offer an additional benefit by enhancing the efficiency
of surface plasmon resonance (SPR) excitation47,48. The
increased interaction length along the nanowire and
suppressed scattering could lead to more efficient cou-
pling of light into plasmonic modes, a subject for future
investigation.
Beyond the manipulation of inorganic nanostructures,

the biological implications of the OEM strategy are pro-
found, particularly regarding biocompatibility. A critical
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limitation of conventional optical tweezers in biological
applications is the requirement for high-intensity laser
beams, which often induce phototoxicity and detrimental
thermal effects that can compromise the viability of living
specimens. By introducing the electro-aligning torque,
our OEM strategy significantly reduces the optical power
threshold required for stable trapping to approximately
7 mW, a 50% reduction compared to conventional
methods. This low-power operation capability is pivotal
for live-cell manipulation. It drastically minimizes the
photon-induced damage and local heating, thereby pre-
serving the physiological integrity and proliferative capa-
city of sensitive microorganisms, such as the Bacillus
licheniformis and Bifidobacterium demonstrated in this
work. Consequently, the OEM platform offers a gentler,
more biocompatible approach for cell assembly and ana-
lysis, distinguishing it from traditional high-power optical
manipulation techniques.
It is instructive to distinguish the proposed OEM

strategy from established OET49,50. OET relies on pho-
toconductive substrates to generate virtual electrodes,
limiting manipulation to a quasi-2D plane near the sur-
face. A major bottleneck of such surface-based techniques
is the strong interfacial adhesion (e.g., van der Waals and
capillary forces), which often causes nanostructures to
irreversibly stick to the substrate. While adding surfac-
tants to the suspension medium is a common strategy to
mitigate this stiction, chemical additives can alter surface
chemistry or compromise the biocompatibility of sensitive
biological samples. In contrast, the OEM strategy utilizes
a uniform bulk electric field combined with holographic
optical traps, enabling true 3D manipulation of nanowires
levitated deep within the fluid chamber (typically > 20 µm
from the substrate). By physically separating the nano-
wires from the boundary, our approach inherently elim-
inates interfacial stiction without requiring any
surfactants, ensuring a pristine chemical environment for
complex assembly tasks.

Conclusion
In summary, this work reports a highly effective OEM

strategy that overcomes fundamental limitations in the
optical manipulation of high-aspect-ratio nanostructures.
Our method synergistically combines a holographic OT
system with an AC electric field to achieve unprecedented
control. Through detailed theoretical modeling and finite
element simulations, we elucidated the underlying physics
of the process, quantifying the dielectrophoretic torque
responsible for nanowire alignment and modeling the
resulting optimization of optical forces. Experimentally,
we demonstrated that this electric-alignment strategy
effectively constrains the orientation of various metallic
and semiconductor nanowires (Ag, TiO2, GaAs, and
InAs), preparing them in an optimal configuration for

stable optical trapping. This pre-alignment minimizes the
destabilizing optical scattering forces while maximizing
the efficacy of transverse gradient forces for confinement.
This optimized force balance resulted in substantial per-
formance gains: a 38% increase in trapping success rate, a
50% reduction in the required laser power, and a 39%
increase in maximum manipulation speed. The robust-
ness, precision, and scalability of our technique were
showcased through advanced manipulation feats, includ-
ing high-fidelity “nano-calligraphy” and the simultaneous,
parallel control of multiple nanowires to assemble com-
plex, pre-programmed patterns. Furthermore, we con-
firmed the broad applicability and biocompatibility of the
OEM strategy by successfully extending it from inorganic
nanowires to biological specimens, demonstrating the
stable trapping and manipulation of individual rod-shaped
bacteria. By integrating multi-physics control with high-
resolution optical manipulation, our work establishes a
versatile and powerful platform applicable to both abiotic
and living materials. This powerful manipulation toolkit
opens new avenues for research and technology devel-
opment, with potential applications in the bottom-up
assembly of nanophotonic circuits and scalable quantum
devices51,52, the construction of photonic neuromorphic
networks53,54, the development of advanced cellular
nanoprobes for biological investigations55–57.

Methods
Experimental Setup
The experimental configuration is illustrated in Fig. S1.

The holographic optical trapping system (SLM-HOT
module) was supplied by Shenzhen Kayja-Optics Tech-
nology Co. Ltd. and integrated with a modified Nikon
ECLIPSE Ti2 inverted microscope. The OT chip consists of
two parallel ITO-coated glass substrates (75mm × 25mm
× 0.3mm, GULUO GLASS), assembled to form a sealed
microfluidic chamber containing the liquid medium.
Electrical signals were generated using a Keysight 33500B
function generator, producing sinusoidal waveforms
(1–10⁴ kHz, 1 Vpp) amplified to 10 Vpp by an FPA2100
amplifier. A custom-designed chip fixture interfaces the
microchamber with the amplifier (Fig. S1). Optical trap
generation was controlled via proprietary software on a
Lenovo ThinkStation P720 workstation.

Samples Preparation
Four types of nanowires were used in the experiment.

Titanium dioxide (Product number: 774510) and silver
nanowires (Product number: 739421) were purchased
commercially from Sigma-Aldrich®. Gallium arsenide
and indium arsenide nanowires were fabricated, with the
detailed manufacturing process provided in the Supple-
mentary Information. All nanowires were dispersed using
ultrasonic shaking. Two rod-shaped bacteria, Bacillus
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licheniformis and Bifidobacterium, were purchased from
medical-grade live capsules. Before use, a small amount of
the powder from the capsule was removed, dissolved in
water, and mixed by shaking several times to ensure
complete dissolution.

Numerical Simulations
Finite element models were constructed using COMSOL

Multiphysics version 6.2. The Electric Current module was
employed to simulate the steady-state electric field char-
acteristics of the nanowires. The Electromagnetic Wave
Frequency Domain module was employed to simulate the
steady-state optical field characteristics of the nanowires.
The specific parameters and theoretical basis of the simu-
lation are provided in the supplementary information.

Trapping Success Rate

Rsuccess ¼ ðN stable=N totalÞ ´ 100% ð7Þ

A successful trap is defined as the nanowire remaining
stably confined in the optical trap for at least 5 seconds
while being translated at a speed of 5 µm/s. We conducted
10 independent attempts (N= 10) for each experimental
condition to obtain these statistics.

Programmable control of the optical trap path
The affine transformation is carried out by means of

optical trap position calibration, and the position corre-
spondence between the actual sample plane and the
camera image is established, and the relationship between
the input coordinates of the phase recovery algorithm
used by the spatial optical modulator and the position of
the holographic optical trap in the camera screen is
established. When path planning is required, the user first
sets the actual trajectory and speed of the optical trap
based on the position on the camera screen. Once the
path planning is initiated, the holographic optical trap is
moved according to the settings by updating the phase
map projected on the spatial light modulator.
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