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Supplementary Information

Fabrication of Microcarriers

(1) 3D Direct writing (I1) Development (1) PVD (Ni/Ti coating)
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Figure S1. Fabrication of microcarriers and characterization of their swimming
properties. (a) Schematic description of the fabrication process. The helical swimmers
with (b) and without rings (c) generated with vertical writing. (d) The alignment of

magnetization angle and swimming performance with rings. The scale bars are 50 wm .
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Figure S2 We utilized the low-pressure region around the carrier to pull microbars.

The microbar was rotated due to the carrier motion. The scale bar is 100 um .



Analytical model for drag
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Figure S3. 1D model of the helical microcarrier.

Viscous forces dominate and inertia is negligible at low Reynolds numbers. As a
result, a propulsion matrix (PM) linearly relates force F and torque T of the carrier
with its forward velocity v and angular speed was
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where the parameters in PM matrix are functions of turn numbers z , helical angle o,
pitch A, radius R, line width r, and the resistive force coefficients & and &, parallel and
perpendicular to the axis of helix (See Figure S3). The detailed parameters can be
found in previous publications. '* Furthermore, the drag force acting on each
ring-shaped structure of a helical microcarrier can be approximated as a rotating torus

with cross-sectional radius r and hole radius R-r in a uniform strokes stream with
sinht

speed v. The toroidal coordinates are introduced by the relationsg=K————,
cosht-coso

sinT . ) )
z=K——— to describe the surface T=7,>0of a torus with circular
cosht—coso

cross-section of radius r =K -cosechr, and hole of

radius R = k- coth t,where K and T, are uniquely determined with r and R prescribed.



Therefore, the translation and rotational drag coefficients in Stokes flow can be

calculated as
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where E'indicates that the term is multiplied by the factor 0.5 for n=0, and the

parameters relating to geometric properties Bn,Cn,Q,Sl)1 /,and P“] ,are obtained from

literature.>* The PM for the carriers can be rewritten as
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Assuming that the microcarriers are sufficiently far away from each other and there is
no interaction, we can estimate the non-fluidic force applied to the cargo during

cooperative transport. The translational forces without and with load can be written as
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where 4"*““is the drag coefficients of load without rotation. If the rotational frequency
of magnetic field is held constant at all times, that is m = ®, then according to (6) and

(7) the drag force on the payload can be formulated as

F, =A% (2 Ay =Dy = A, (v=7) @®)



By measuring the forward velocity, we can estimate the drag force on the microbar

during transport.
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Supplementary Movies
Movie M1 shows erratic motion of swarms of the horizontal swimmers.

Movie M2 shows micromanipulation of micorbars with a single and multiple

microcarriers.

Movie M3 shows cooperative manipulation of microbars with multiple microcarriers

to assemble the letters of ‘ETH’.



