
−1. Applications as diverse as printing, MEMS fabrication and microarraying benefit
from this technology; however, reliable manipulation of the jet, including basic on/off control
]. Much of the early effort to understand droplet impact was

motivated by applications such as spray cooling, painting and
combustion [3]. Under certain conditions, however, a liquid
droplet can also bounce or rebound from a solid substrate
without breaking up into secondary droplets. Bouncing
droplets have been observed on metal surfaces heated above the
Leidenfrost temperature [4] and on substrates treated to make
them superhydrophobic [5,6]. When droplets rebound they
deform, sometimes quite dramatically [7], before recoiling
and lifting off the surface. The coefficient of restitution for
rebounding droplets can approach unity.

The ability to reflect a liquid droplet controllably from
a solid substrate has interesting potential applications in
continuous ink jet (CIJ) technologies. In CIJ systems, streams
of ∼10 pL droplets (∼30 µm diameter) are ejected from an
orifice or an array of orifices at rates of up to 350 000 per
second with velocities in excess of 20 m s

−1. Applications
as diverse as commercial printing, microelectromechanical
systems (MEMS) fabrication [8] and microarraying [9] are
already associated with CIJ technology or could be exploited.
electric field pulls the droplets toward the substrate, altering
the impact point, incident angle and reflected angle of the
stream. In this way, we can control the final impact point
of droplets on the receiver of the printing system (such as
paper or other recording surface). We also describe a second
mechanism, not as well understood, that alters the rebound
dynamics dramatically to trap the liquid at the substrate and
thus provide on/off control.

Although the effect produces a rather modest change in
the downstream trajectory, the control of the final droplet
position is very precise. This capability facilitates control
over jet alignment and should allow for improved resolution in
printing and fabrication applications. In the limit of very high
electric fields, droplets are trapped at the substrate, making
on/off control of the droplet stream possible. One major
advantage of using dielectrophoresis (DEP) for trajectory
control over traditional electrostatic deflection techniques [11]
is that droplet charging is unnecessary, and asynchronous,
pulsed or even ac voltage can be used. Furthermore, complex
deflection electrode structures are not required. This last

0960-1317/09/125018+08$30.00 1 © 2009 IOP Publishing Ltd Printed in the UK

http://dx.doi.org/10.1088/0960-1317/19/12/125018
mailto:chiarot@ece.rochester.edu


J. Micromech. Microeng.19 (2009) 125018 P R Chiarot and T B Jones

(a)

(b)

Figure 1. Droplet trajectory control using rebounding droplets and
DEP. (a) A stream of high velocity liquid droplets is formed and
directed toward the substrate where the droplets rebound and
continue downstream. Upon impact, the droplets undergo
signiÞcant deformation. (b) An electric Þeld at the substrate surface
generates a dielectrophoretic force Þeld on the droplets, modifying
the upstream trajectory, shifting the impact point and increasing the
incident (� 1 �= � 2) and reßected angles (� o,1 �= � o,2). This effect
changes the downstream trajectory and allows the position of the
droplets on the receiver to be precisely controlled by adjusting the
voltage. The scale of the image has been exaggerated.

feature is very important in the case of high-density nozzle
arrays.

The conditions necessary to achieve reliable droplet
rebound and the effect of the dielectrophoretic force on the
trajectory are described in the following sections. A simple
dynamic model describing the impact behavior is presented
which successfully predicts the modiÞed trajectory.

Droplet formation and substrate properties

In all experiments, we used thermal jet nozzle array packages
provided by Eastman Kodak Co., Inc. (Rochester, NY) [12].
The nozzles are formed using an integrated CMOS-MEMS
process involving deep reactive ion etching to form� 20 µm
diameter through holes in a silicon wafer. Metal traces acting
as heating elements are also patterned and surround each
individual nozzle. The wafers are diced and packaged into
standard Pin Grid Array (PGA) chips with a port machined in
the underside to allow for ßuid connections. A packaged chip
is Þtted into a PGA socket so that electrical connections can
be made to each heating element and an opening at the center
of the PGA socket provides access to the port on the back of
the PGA chip.

Applying high pressure (� 60 psi) to a ßuid reservoir
upstream from the nozzle produces a cylindrical liquid jet
moving at � 20 m sŠ1. The jet is naturally unstable by
the mechanism of the well-known capillary/ hydrodynamic
instability. To achieve control of the droplet streams, the
heating elements surrounding each nozzle are synchronously
pulsed to introduce thermal perturbations into the jet. The
resulting narrow bands of warmer liquidÑjust a few degrees

Figure 2. Droplets are formed using a nozzle package provided by
Eastman Kodak. The nozzles are located just upstream (left) of the
image frame and the droplets are moving from left to right. A
regular thermal perturbation provided at the nozzle is used to lock
the droplets into a uniform pattern. The liquid jet can be seen
collapsing at the centroid of the heat bands. The droplets are
travelling at 22.5 m sŠ1 with a spherical size of 33µm, and each
nozzle is producing droplets at a frequency of 310 kHz. The image
is captured using a strobe light to Þx the droplets in place.

is sufÞcientÑreduce the liquid surface tension locally, which
causes the jet to Ôpinch offÕ at the centroid of these heated
bands. The frequency of the heating pulses is adjusted to excite
the well-known, fastest growing wavelength, which occurs at
approximately nine times the radiusRof the jet [13]:

� � 9R. (1)

Therefore, for a jet moving at velocityU, if the heaters are
pulsed at a frequency of

f =
U
�

�
U
9R

, (2)

the stream locks into a highly stable, uniform pattern of equal-
sized droplets with no satellites. Figure2 shows a linear array
of six droplet streams illuminated by a strobe synchronized
to the heating pulse. The 33µm diameter droplets are
traveling at 22.5 m sŠ1 and the heater excitation frequency is
310 kHz. The droplet velocityU is readily determined using
the known strobe frequency and a measurement of the distance
between the centers of adjacent droplets. Because there is
no mutual coupling, high-density arrays of nozzles can be
fabricated and millions of droplet per second can be formed
from a very small footprint. In the devices actually used
for the experiments reported in this paper, all but one of the
nozzles was blocked to facilitate our measurements of droplet
trajectory and observations of impact behavior.

The structure used to reßect and manipulate the droplets is
a three-layer substrate consisting of a glass slide, a metal layer
patterned to form the electrodes and a surface coating. The
metal layer is� 100 nm of thermally evaporated aluminum
patterned using standard photolithographic methods to form
an interdigitated array of coplanar electrodes, as shown in
Þgure3(a). In the experiments, we varied the electrode pitch
(w) from � 60 to � 140 µm. The typical overall size of the
array is 10 mm wide and 2 mm long. The surface coating
is a spin-coated TeßonTM layer with a thickness of 1µm.
Before application of the Teßon, the substrates are treated
with ßuorosilane to improve adhesion. Doing so extends the
life of the coatings from minutes to hours when subjected to
the impinging droplet stream.

The high velocity droplet stream is oriented to approach
the planar, interdigitated array at a shallow angle (< 10� ) and
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