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S1: Magnetic field uniformity

Programmable electrical signals generated by a signal generator were amplified and
independently applied to two orthogonal pairs of Helmholtz coils to generate a two-
dimensional magnetic field in the horizontal plane. The configuration and magnetic
field model of the orthogonal Helmholtz—coil system are shown in Fig. S1(a). For an
ideal Helmholtz—coil pair, the magnetic field amplitude at the geometric center is given
by
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where po is the vacuum permeability, N is the number of turns of each coil, I is the

amplitude of the driving current, and Rc is the radius of the Helmholtz coil. The
magnetic field amplitudes used in the experiments were further calibrated
experimentally at the center of the coil system. The spatial distribution of the magnetic
field was further evaluated using finite-element simulations in COMSOL Multiphysics,
following established numerical modeling approaches for orthogonal Helmholtz—coil
systems [26]. The simulation geometry was consistent with the experimental setup,
with a driving current of 7 A with frequency of 60Hz, 100 turns per coil, and a coil
separation of 4 cm, The programmable rotating magnetic field, generated by the
superposition of sine and cosine waves along the x and y axes, had a magnitude of
approximately 1.0 mT at the center. As shown in Fig. S1(b), the magnetic field is nearly
uniformly distributed within the central region (black circle of 1.0 cm diameter) of the
coil system. The arrows indicate the magnetic field direction, and the nearly parallel
field lines further demonstrate the spatial uniformity of the field. To quantitatively
evaluate the field uniformity, the magnetic field magnitude in the central region was
further analyzed, as shown in Fig. S1(c), with the center of the uniform magnetic field
region defined as the coordinate origin. The magnetic field magnitude exhibits only
small spatial fluctuations around the central value, and the field uniformity within the
effective manipulation region exceeds 90%. These results confirm that spatial

variations in the applied magnetic field are sufficiently small and can be neglected over



the experimental observation area.
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Figure S1. Magnetic field generated by the orthogonal Helmholtz coils and its spatial
distribution characteristics. (a) Magnetic field model of the orthogonal Helmholtz coils;
(b) spatial distribution of the magnetic field, where the black circle (diameter of 1.0 cm)
denotes the uniform magnetic field region and a sampling plane is defined at the center
of this region to extract the magnetic field magnitude; (c) magnetic field uniformity in
the central region of the Helmholtz coils obtained from the sampling plane defined in

(b), with the center of the uniform magnetic field region taken as the coordinate origin.

S2: Characterization of the critical step-out frequency

Synchronous rotation of a particle requires that the magnetic torque, 7m = mB-sinf
(with 0 the lag angle between the particle’s magnetic moment and the local field
direction), balance the viscous drag torque 7v = cuR*w, where R is the particle radius,
c is a geometry-dependent prefactor (c = 8m for a sphere in an unbounded fluid; a
smaller value applies to a partially submerged particle at a free interface) and w is
angular velocity. The schematic diagram of forces acting on a magnetic particle under
a magnetic field is shown in Fig. 2(a). Because the lag angle grows with the driving
frequency, the particle can no longer follow the field once 6 reaches 90°, which defines
the step-out frequency fe=mB/(2ncuR?®). To quantitatively characterize the
synchronization limit of the particles, we measured the single-particle spinning
frequency fp as a function of the applied magnetic field frequency fm, as shown in Fig.
S2(b). We identified the onset of the step-out regime for the particle with the diameter
of 300 um particles at fc = 120 Hz at the field amplitude used in the main experiments;

consistent with the torque-balance prediction. When the applied magnetic field



frequency further exceeds fc, the magnetic torque can no longer sustain synchronous
rotation of the particle with the magnetic field. Consequently, the particle spinning
frequency fp gradually deviates from the field frequency fm, indicating that the particle

enters the step-out regime.
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Figure S2. Force analysis and rotational dynamics of a magnetic particle under a
magnetic field (a) The schematic diagram of forces acting on a magnetic particle

under a magnetic field. (b) Variation in particle rotation frequency with magnetic field
frequency.
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