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Materials and Methods:

Particle Synthesis: Multisegmented gold-nickel-gold rods were grown via the well documented technique of
electrochemical deposition of metals into the pores of anodic aluminum oxide (AAO) membranes? following previously
demonstrated methods?2. Briefly, a silver working electrode was thermally evaporated (600 nm) onto one side of the
membrane. Subsequent electroplating was performed using a two-electrode cell, with a platinum wire serving as the
counterelectrode. Gold was deposited from a commercial plating solution (Technic Orotemp 24 RTU Rack) at a current
density of 0.5 mA/cm? for tens of minutes. Nickel was deposited from a solution containing 1.1 M nickel sulfate, 0.2 M
nickel chloride, and 0.75 M boric acid, at 0.6 mA/cm? for 4 minutes. Nickel segments are shorter than ~1/2 rod
diameters, ensuring that the magnetic easy axis of the nickel layer is in the radial direction?3. Following nickel plating,
a second gold segment was grown. Microrods were released by etching the silver working electrode (in nitric acid) and

AAO (in 1 M NaOH). Microrods were stored in DI water.

Rotating Magnetic Field: A pair of Helmholtz coils rotates the microkayaks. A Matlab generated signal was amplified
(QSC RMX4050HD audio amplifier) and used to power the Helmholtz coils. In order to generate kayaking motion, one
pair of coils was oriented in the y-direction, another pair oriented in the z-direction. Microkayak paddling motion remains

in phase with the applied field up to 1 kHz.

Microkayaking Experiments: Microkayaking experiments are performed in DI water. Imaging is performed using
transmitted light microscopy (40x air and 63x oil objectives). Videos of microrod rotation were acquired at 62 frames/s
using a CCD camera (Allied Vision Technologies Prosilica GC, 480x752 pixels). In order to observe induced advective
flows and microvortices, we seeded samples with 1 ym diameter polystyrene beads (Bangs Laboratories). Polystyrene
particle tracking and microrod velocity measurements were performed using SpotTracker (freely available for download

at http://cismm.cs.unc.edu/downloads/?dl_cat=3).



http://cismm.cs.unc.edu/downloads/?dl_cat=3

Hydrodynamic Model:

In modeling the rotational motion of an elongated rod near a surface, it is helpful to begin with two extreme geometries.
The first is the case of a sphere near a rigid plane boundary. The sphere model has been solved previously, though
even this simple geometry does not result in closed-form analytical solutions. Dean and O’Neill first published series
expansions for components of the mobility matrix*, and several authors have subsequently worked to improve accuracy
or computational speed in the case of diminishing sphere-floor separation, h>7. Using results by Chaoui and
Feuillebois’, we find that a 280 nm diameter sphere would need to be located within 50 nm of the surface to produce
the translational velocities we observe. This distance is incompatible with our observations of 1 ym diameter tracer
particles traversing the space below the rod, and with our previous measurements of microrod-floor separation

distancess®.

Because our particle is an elongated rod with aspect ratio (AR) = 20, an infinite cylinder may seem a better
approximation. However, an infinite cylinder rotating on axis (6 = 0) near a floor experiences no net fluid force due to
the rotation®. This counterintuitive result is due to a pressure gradient which is induced by the rotation and generates a
Poiseuille flow in a direction opposite to the surface-driven Couette flow. Adding a second rigid boundary (a ceiling) to
the infinite cylinder scenario does result in a translational velocity'®. However, in our geometry, this model predicts
velocities only ~1% of the translational velocity we observe experimentally. Thus, the infinite cylinder model rotating
axially, parallel to the floor, does not accurately explain the observed velocities.

Several manuscripts describe the motion of prolate ellipsoids near a floor, and yet most of these feature end-over-end
rotation without the generality required to include our system'-13, Those reports that do account for rotation about a
long axis parallel to the floor often do not contain the cross terms Z. and ZT. which are necessary to relate rotation and
translation'*5, We are aware of only one manuscript which includes all the necessary components in the required
geometry. Work by Corato et al. provides graphical solutions for all components of the mobility matrix for a prolate
ellipsoid (AR = 8) rotating on- axis and parallel to a floor!6. Using these solutions, we find that such an ellipsoid, rotating
axially, would need to be within a couple tens of nanometres of the surface to produce the translational velocities that
we see in our experiments. These distances are consistent with solutions for a rotating sphere discussed above, but
they remain incompatible with our observations of 1 um diameter tracer particles completing orbits about the long axes

of our rods, as well as previous measurements on microrod height above the surface®.

At separations (d) on the order of 1 um, both the sphere and axially rotating ellipsoid models indicate that hydrodynamic
interactions with the floor are far too weak to produce the velocities that we observe, suggesting that rotation about an
easy axis parallel to the floor does not accurately represent microrod motion in our experiments. If the long axis of the
cylinder is tilted even a small angle 6, such that the rod rotation is no longer parallel to the floor of the sample, then
rotation about the y-axis will induce a precessing motion, and this motion will generate significantly larger translational
velocities. In this case, work by Yang and Leal includes all components of the mobility matrix for a cylindrical slender
body rotating near a floor'”. While the slender-body approximation precludes translational velocity resulting from an on-
axis rotation (6 = 0; @ = w,¥ ) at the experimental separation distance, it is well-suited to describing the “kayaking”

case in which 6 is small and non-zero.



As described in the main text, the resistance matrix for motion is

[i] - E? Z] [Z,:] (Eqn. 1a)

Expanded, Eqn 1a is
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In our experiments, we observe translation along the x axis (v,) and rotation around the y axis (w,). We find the

relationship between v, and w, by solving the first row of Eqn 1b: We solve

Uy = — (ﬁ) w,y (Eqn. 3),
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From Yang and Leal'’, the relevant coefficients of the resistance matrix are
L
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Here, 7 is the viscosity of the fluid, [ is the half-length of the cylinder, and € = 1/In (%l) is the slenderness

parameter, which depends on the cylinder length, 21, and radius, R. The function B(x, [, 6, d) is given as
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These solutions are valid for € << 1 and for distances above the floor d larger than a few radii. In our experiments, e

~ 0.03 and we anticipate that d ~ 1 um, and so both conditions are satisfied.

Descriptions of Supplementary Information Video:

Supplementary Information video contains four separate video segments. Video segments 1 and 2 show microrods

translating due to 300 Hz and 1000 Hz rotating magnetic fields, respectively. Video segments 3 and 4 show

polystyrene microbeads advected in the rotational flow surrounding the microrods.
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