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Microparticle manipulation using inertial forces
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We demonstrate controlled manipulation of large quantities of microparticles on a surface using
inertial forces. Motion is induced by applying a periodic parabolic wave form to a shear-polarized
piezoelectric plate coupled to a substrate on which the particles reside. Particles move in steps of 10
to 50 nm per cycle, and the particle motion is mass selective. Particle velocity is varied by changing
the frequency of the wave form. Calculated inertial forces acting on the particles correspond closely
to friction forces between individual microparticles and the substrate, as measured by coupling an
individual particle to an atomic force microscope. The results provide insight into the characteristics
of particle-surface interactions, and demonstrate the potential for controlled manipulation and
separation of large collections of particles without the need for a fluid medium. © 2006 American

Institute of Physics. [DOI: 10.1063/1.2172401]

Understanding and controlling the motion of small par-
ticles is critical for micro- and nanoassembly,1
microfluidics,’ including biological and colloidal science ap-
plications, chemical mechanical polishing,3 and xerographic
processes.4 However, a method for deterministic transport of
large quantities of particles without a carrier medium does
not exist.

Inertial forces are one candidate for such manipulation.
The use of inertial forces to create dynamic motion was first
demonstrated by Pohl® and is used today for coarse position-
ing in commercial scanning probe instruments.®’ Recently,
inertial transport of microliter droplets (0.5-5 mm in diam-
eter) on a hydrophobic substrate using asymmetric lateral
vibrations was demonstrated.® Here we present the use of
thin piezoelectric plates to generate in-plane displacements
of substrates to manipulate solid spherical particles as small
as 60 um in diameter by inertial forces. We present an ana-
lytical model describing the inertial forces on the particles
and verify it by measuring the friction force between the
substrate and particles directly attached to an atomic force
microscope (AFM) cantilever.

Stainless steel or glass particles (Duke Scientific Corpo-
ration, Palo Alto, CA) are placed on a substrate glued to a
shear polarized piezoelectric plate (type EBLI, Staveley
Sensors Inc., East Hartford, CT) [Fig. 1(a)]. A drive signal,
generated by an arbitrary wave form generator (33250A,
Agilent, Palo Alto, CA) and amplified by a high frequency
amplifier (HSA4101, NF Corporation, Yokohama, Japan) is
applied to the piezo. With the drive signal U(r) chosen to be
a repeated parabolic signal [Fig. 1(a), inset], the surface dis-
placement x(z) is the following:

x() = dysU(1) = dy5(8U,f2* - U,,) (1)

for r e [(-1/2f,),(1/2f,)], and its periodic continuation out-
side this interval. d;5 is the piezoelectric coefficient, f is the

“Electronic mail: carpick @engr.wisc.edu

0003-6951/2006/88(9)/091913/3/$23.00

88, 091913-1

drive frequency, and U, is the drive amplitude. During the
smooth parabolic part of the displacement, the particles
move laterally with the substrate at a constant, low accelera-
tion. At the cusp of the wave form, the direction of the sur-
face displacement is suddenly reversed and the particles, due
to their inertia, continue sliding a small distance. Figures
1(b) and 1(c) show topview images from a movie of stainless
steel particles moving on a silicon surface, where the piezo
was driven repeatedly with this wave form. The images were
captured with a digital camera attached to an optical
microscope.9 Figure 1(b) shows the particles’ initial posi-
tions, and Fig. 1(c) shows their positions after applying a
wave form with an amplitude of +71 V at 10 kHz for 0.75 s.
Figure 1(c) also indicates the original positions of the par-
ticles and their trajectories, demonstrating that all particles
travel in the same direction. Figure 1(d) is a stack of color-
shaded images captured in between the frames shown in
Figs. 1(b) and 1(c), illustrating the progressive motion of the
particles. From higher magnification movies it is obvious
that no rolling is involved in the particle motion.

The direction of the motion is controlled by the polarity
of the applied drive signal. Reversing the polarity causes the
particles to move in the opposite direction, as shown in the
full movie.” Two-dimensional particle manipulation 1is
achieved by stacking two piezos with perpendicular shear
directions and applying the drive voltage to each sequen-
tially. Figure 1(e) shows a color-shaded stack of images of
particles moving first down and then to the right. The im-
ages, also extracted from a movie, demonstrate the two-
dimensional particle manipuleuion.10

The particle velocity is strongly influenced by the drive
frequency. While a wide spread of velocities at a particular
frequency is observed, an increase in the maximum velocity
from 50 to 600 wm/s for 90 and 200 um diameter glass
particles occurs with increasing frequency (Fig. 2). This is
due to the increasing number of inertial pushes on the par-
ticles per unit time with increasing frequency. The average
step sizes are independent of the drive frequency and on the
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FIG. 1. (Color online) One- and two-dimensional transport of stainless steel
particles. (a) Experimental setup: a shear polarized piezoelectric plate is
mounted on a steel sample holder. A thin substrate is glued onto the top
electrode of the piezo, and particles are placed on it. A periodic parabolic
wave form (left inset) is applied to the piezo. The inset on the right shows
the forces (inertial F; and frictional Fy) acting on a particle when the sub-
strate undergoes acceleration a. (b)—(e) Images taken from movies illustrat-
ing the one- and two-dimensional particle motion. For details see text.

order of 10-50 nm per step, which indicates that sliding oc-
curs only during the turnaround of the signal, as expected for
the inertial mechanism. The spread in velocities and the fact
that some particles remain stuck to the surface after the ac-
tuation begins is most likely due to surface imperfection of
the particles and the substrate. At frequencies above a certain
threshold (12 and 14 kHz for the 200 and 90 wm particles,
respectively), the particle velocities are reduced. At these fre-
quencies, the inertial forces during the smooth parabolic part
of the wave form exceed the particle-substrate friction force.
This creates motion in the direction opposite that intended,
decreasing the mean particle velocity. If the drive frequency
is increased further, random motion of the particles occurs.
The actual surface displacement of the silicon substrate
and the particle-substrate friction force is measured with
glass particles attached to AFM cantilevers (so-called colloi-
dal probes“). 70 pwm glass particles are glued to commercial
AFM cantilevers with an UV curable epoxy resin (NOAG61,
Norland Products, NJ) using a home-built micromanipulation
stage. The cantilever spring constants are calibrated in nor-
mal and torsional mode with the added mass method.'*"
The surface displacement during actuation of the piezo is
measured by bringing the colloidal probe into contact with
the substrate with its long axis perpendicular to the shear
direction of the piezo. A drive voltage small enough to pre-
vent slip of the particle is applied to the piezo and the surface
displacement is calculated from the lateral deflection signal
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FIG. 2. (Color online) Velocity of glass particles. The velocity of glass
particles (@ 200 um, A 90 um) is shown as a function of the drive fre-
quency on a silicon surface with a parabolic wave form (amplitude of
+71 V). The maximum and minimum velocity of the particles increases with
increasing frequency. The lines are added as a guide for the eye.

of the AFM. During these experiments, scanning of the AFM
scanning piezo itself is turned off. Figure 3 shows the drive
voltage (a), the surface displacement (b), and the surface
acceleration (c) (calculated from (b) after smoothing the data
with a running average). The maximum displacement occurs
at time f; [Fig. 3(a)], approximately 10 ws after the maxi-
mum in the drive signal. There is also a broadening of the
peak to a width Ar and thus a reduction of the maximum
acceleration. These effects are due to hysteresis which is in-
herent to piezoelectric materials, and this limits the inertial
force that can be applied.

The inertial force F; on the particle at the cusp is calcu-
lated by F;=ma with m being the particle mass and a the
surface acceleration. If we model the acceleration as constant
during the time period Ar at the peak of the displacement
[Fig. 3(b)], it can be approximated by a=Awv/At. At is mea-
sured from Fig. 3(b) and found to be 15 us for all drive
frequencies and amplitudes used in our experiments. The
change in surface velocity is estimated by Av=v,—v,, with
v; and v, the velocities at the beginning and end of the time
period Az [Fig. 3(b)]. The velocities are calculated from Eq.
(1). The inertial force acting on a particle with diameter D
and density p is

F.= h—v 8fdd15UmD37Tp
A T 3At '

()

To estimate the inertial forces necessary to move particles
placed on a substrate, we slowly increase the drive ampli-
tude, and observe the amplitude at which the particles start to
move. In three independent experiments with 70 wm glass
particles, with a parabolic drive of 12 kHz, the first particle
motion is observed at 19+6 V, which according to Eq. (2)
equals 54+ 17 nN. At full drive amplitude (71 V, or 200 nN)
80% 7% of all particles are observed to move.

These forces are compared to friction forces measured
for individual particles with the colloidal probe AFM." Fric-
tion is measured from the first moment of contact between
the particle and the surface (Fig. 4), with only a small normal
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FIG. 3. (Color online) Drive voltage, surface displacement, and surface
acceleration. (a) Drive voltage applied to the piezo (parabolic wave form, 10
V, 9 kHz). (b) Surface displacement measured with an AFM. (c) Surface
acceleration calculated from (b) after smoothing with a running average.

load of 1.0£0.5 nN besides the additional 45+13 nN of ad-
hesion acting. After a rapid increase during contact forma-
tion, a slow increase with sliding distance occurs, which lev-
els off after ~100 um of sliding. Two separate
measurements with individually prepared cantilevers with
70 pum particles attached exhibit initial friction forces of 25
and 45 nN, respectively, and the forces level off at 40 and
140 nN, respectively. These forces correspond well to the
inertial force of 54+ 17 nN at which the first particles start to
move on the actuated substrate, and the upper limit of these
forces is in the range where a large fraction of the particles
move on the substrate. The spread of the friction forces for
the two particles shows that friction is dependant on the par-
ticular particle, which has also been observed in single-
particle adhesion measurements by Heim et al. '> This is con-
sistent with our observation that under the same drive
conditions some particles move while others do not, which
as stated above is likely due to surface imperfections, which
indeed are observed in electron micrographs of the particles’
surfaces.

We demonstrate a way to induce motion of large num-
bers of microparticles on a surface with no carrier medium.
The method is simple and versatile, with the only prerequi-
site that the combination of particle mass and substrate ac-
celeration must produce enough inertia to overcome the fric-
tion force of the particle/substrate interface. By coupling an
AFM directly to individual glass particles, we measure the
friction force between the particles and the substrate, and
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FIG. 4. (Color online) Friction for a 70 um glass particle. The friction force
between a glass particle and a silicon surface. The colloidal AFM probe is
shown in the inset.

find good agreement between a simple analytical model and
the measured behavior of the actuated particles. A further
reduction of the particle size being moved can be achieved
by the use of piezoelectric materials with lower hysteresis to
increase the surface acceleration or by reducing frictional
forces between particles and the substrate.
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