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Laser reflectometry of submegahertz
liquid meniscus ringing
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Optical techniques that permit nondestructive probing of interfacial dynamics of various media are of key
importance in numerous applications such as ellipsometry, mirage effect, and all-optical switching. Charac-
terization of the various phases of microjet droplet formation yields important information for volume con-
trol, uniformity, velocity, and rate. The ringing of the meniscus and the associated relaxation time that oc-
curs after droplet breakoff affect subsequent drop formation and is an indicator of the physical properties of
the fluid. Using laser reflectometry, we present an analysis of the meniscus oscillations in an orifice of a
piezoelectric microjet. © 2009 Optical Society of America

OCIS codes: 120.6650, 280.4788.
Given the broad range of applications using droplet
formation by microjets, such as coating microelectro-
mechanical system sensors, a better understanding
of the physical processes associated with microjets is
important. Wetsel modeled propagating capillary os-
cillations on the microjet column and optically deter-
mined instability growth rates [1]. Meinhart and
Zhang used particle image velocimetry to visualize
velocity fields and evolution of the meniscus inside
translucent ink-jet printheads [2]. Yu et al. used the
set level method for simulating viscoelastic ink ejec-
tion [3]. This Letter investigates meniscus oscilla-
tions through laser reflectometry. The meniscus
“ringing” time, or relaxation time, has implications
on the drop formation, unwanted satellite occur-
rences, and formation rates.

A single drop can be controllably formed by a tran-
sient pressure disturbance to the delivery channel
from a piezoelectric transducer [4]. Continuous drops
can also be formed from the breakup of liquid col-
umns. A continuous stream of liquid jets from the ori-
fice undergoes exponential capillary instabilities,
��z�, associated with surface tension, where z is the
distance from the orifice. The growth of the instabil-
ity eventually causes the jet to break at the length
L= �1/��ln�R /�0�, where R is the radius of the col-
umn, �0 is the radial disturbance of the column from
equilibrium at z=0, and � is the deviatic growth pa-
rameter [1]. Consequently a drop is formed when the
jet eventually succumbs to the instability at �=R.
Upon break-off, the surface of the liquid in the orifice
undergoes a transient oscillation for a period of time.
This ringing is affected by the capillarity of the
orifice-liquid interface as well as by the surface ten-
sion and viscosity of the liquid.

Meniscus measurements are difficult, because the
position upstream inside the orifice is entirely unde-
tectable except for transparent fluids in transparent
devices where the meniscus in the orifice can be ob-
served. We employed a dual optical measurement

comprising laser reflectometry (LR) and jet-shadow
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detection, schematically shown in Fig. 1, that was
able to analyze the meniscus as it recedes into the
orifice with opaque liquids and/or opaque devices. Ad-
ditionally, the static and dynamic longitudinal dis-
placements of device piezoelectric elements as well as
precise jet velocity were studied.

The test device is a tapered micropipette with a
30 �m diameter orifice that is bonded to a radially
poled piezoelectric transducer tube. With a system
trigger Vt at 500 Hz to 20 KHz, a pulsed waveform
Vp on the transducer induces pressure waves in the
micropipette to issue a droplet. The test fluid was iso-
propyl alcohol (IPA). The LR illumination and collec-
tion lenses, L1 and L2, are 12.7 mm FL plano-convex
placed 20.5° with respect to the axis of the jet flow.
After L1, the Gaussian beam spot size is calculated to
be �5 �m, an adequate spot size for probing a 30 �m
orifice. Both the Vs=sum voltage and Vd=difference
voltage of the LR position sensing detector (PSD)
were monitored. For jet-shadow detection the photo-
diode detects the shadow cast when liquid interferes
with the laser beam waist of �50 �m. A reduction in

Fig. 1. Block diagram of experiment consisting of a micro-

jet system, LR sensing, and jet-shadow detection.
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the shadow voltage Vh is interpreted as liquid
present in the laser beam. A digitizing signal ana-
lyzer (DSA) simultaneously recorded six transient
signals: Vs, Vd, Vh, strobe, Vt, and Vp.

The meniscus is an evolving curved surface with a
radius of curvature that changes with drop forma-
tion. To analyze the effects of curvature, the reflec-
tion of a finite collimated beam width of 5 �m from a
meniscus having radius of curvature 23.4 �m in a
30 �m orifice is shown in Fig. 2, where the axis=L1
is incident at 21.5° to the jet axis Y and reflected at
axis=L2. Large excursions of the meniscus result in
extreme rays R1 and R2 not transmitted to the PSD,
thus lowering the sum voltage and digressing from
the meniscus displacement calibration.

A simplified analysis of the relationship between
the meniscus position and displacement measured at
the sensor is shown in Fig. 3. The meniscus shape is
considered to be determined by a sphere that passes
through the circle that defines the orifice. The menis-
cus position is defined by the segment C0M or ym.
This assumption is reasonable as long as the menis-
cus is less than the diameter of the orifice, d. The ra-
dius of curvature of the meniscus is related to ym by
Rm=ym /2+d2 / �8ym�. The incident beam is reflected
with respect to the normal to the surface, which is n0,
n+, and n− for a flush, convex, and concave meniscus,
respectively. For a positive meniscus the beam hits
C+ and reflects with respect to the local normal n+,
defined by the segment O+C+, to hit the sensor at S+.
The PSD measures the displacement between S0, or
zero position, and S+. A similar situation is obtained
for a negative meniscus position.

The beam displacement u from S0 can be deter-
mined as a function of ym. The coordinates that de-
fine the point where the incident beam hits the me-
niscus are (−xc, yc) at C+ when ym is positive and (xc,
−yc) at C− when ym is negative are described with a
second-degree polynomial xc=b+ �b2−4ac�1/2 and yc
=xc cot �, where the coefficients are a=cot �2, b=
−2�Rm−ym�cot �, and c=ym

2 −2Rmym. The angle �r
that the reflected beam forms with the y axis is �r
=�−2 arctan�xc / �Rm−ym+yc��. The point (xs, ys)
where the reflected beam hits the sensor for positive

Fig. 2. The effect of meniscus curvature and beam width
on the LR sensor signal. The angular deflection of the ex-
treme rays of reflected beam, R1 and R2, result in the loss

of collimation on the sensor plate.
ym is xs= �ds sec �−yc−xc cot �r� / �tan �+cot �r� and
ys=−xs tan �+ds sec �, where ds is the segment C0S0,
the distance between a flush meniscus and the sen-
sor. The coordinates where the beam hits on the sen-
sor when the meniscus is undeformed �ym=0� are x0
=ds sin � and y0=ds cos �. The displacement ua of the
beam on the sensor as measured from S0 for positive
ym is ua= ��xs−x0�2+ �ys−y0�2�1/2. The displacement of
the beam for a negative ym is calculated similarly us-
ing (xc, −yc). From the above equations, the displace-
ment u of the beam on the sensor from −d /2�ym
�d /2 is plotted in the inset of Fig. 3 for d=30 �m,
ds=20 mm, and �=69.5°.

The results are shown in Figs. 4 and 5, where the
LR signal uses the y axis. For correlation, CCD cam-
era images are noted at various strobe times to iden-
tify drop formation and visually discernible meniscus
displacements, as demarked by eight dotted lines.

Fig. 3. Geometrical relationship between the reflected
probe light at the sensor face (S) and the position of the me-
niscus (M). The inset is a plot of �S0−S� versus M.

Fig. 4. Transient recordings of liquid surface motion. The
LR signal is calibrated in micrometers (y axis). The over-
laid jet-shadow signal and excitation waveform are plotted

in arbitrary units.
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During the positive part of the pulse, the meniscus
recessed downstream about 45 �m (location 1 from
the left). During the negative part of the pulse a long
tail is being formed until it finally breaks off at
0.42 ms; the jet-shadow signal reduces significantly,
and the LR signal is out of range. After break-off (lo-
cation 2) the meniscus begins to oscillate at
�200 KHz in progressively smaller excursions for
about 0.3 ms according to the CCD camera; the jet-
shadow signal minimas correspond (locations 3–8).
The oscillation frequency is on the order of the speed
of sound through the 3 mm device tubing. The LR
signal is following the oscillations with a waveform
shape consistent with Fig. 3. After the last oscillation
is identified by the CCD camera and the jet-shadow
signal (location 8), the LR signal continues to track
the meniscus oscillations for another 0.4 ms, which
are now too small to be detected by the other two
methods. In Fig. 5(a) a wetted surface area around
the orifice occurred, causing a very low radius of cur-
vature that produced a relatively smooth LR signal.

Jet-shadow measurements of drop velocity trig-
gered at 2.5 KHz were taken at 110 �m and 310 �m
downstream from the orifice where drop formation
occurs. The distance between the two measurements
was �z=200 �m, and the time between minimas in
the shadow voltage was �t=0.1152 ms, resulting in a
drop velocity Ud=�z /�t=1.74 m/s. The jet velocity
U= f� is related to the disturbance wavelength � of
the column and drop frequency f=� /2	. The drop ve-
locity and jet velocity are related by Ud=U�1
− �2T /
R� /U2�, where T and 
 are fluid parameters
surface tension and density, respectively [1]. For this
device, 1 to 10 m/s are typical velocities.

Transient measurements of the device motion were
taken by applying a pulse (0.4 Hz at 60% duty cycle
with 50 V amplitude) to a dry device. Shown in Fig.
6, longitudinal displacements up to 1 �m may occur
from the device itself. Ringing occurs for almost 2 ms
at �6 KHz and is expected to dampen when filled
with liquid. The transient displacement is consistent

Fig. 5. Transient recordings of meniscus motion where the
device surface is wetted.
with the static measurement. A static measurement
was taken by applying a ramped voltage on the de-
vice from 0 V to 100 V to −100 V, and back to 0 V,
plotted in the inset of Fig. 6. The longitudinal dis-
placement was about 8 nm/V for the increasing volt-
age ramp, corresponding to the theoretical displace-
ment provided by the manufacturer. In the returning
decreasing voltage, hysteresis was observed and ex-
pected.

In a continuation of our studies in digital microflu-
idics [5–7], an analysis of meniscus oscillations in a
microjet device has been presented using laser reflec-
tometry. Meniscus movements, jet velocity, and dis-
placements due to the device piezoelectric elements
were analyzed. Our optical approach may be used to
measure surface movement of many types of opaque/
translucent liquids, including inks, polymers, and
bioactive molecules.
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Fig. 6. Dynamic longitudinal displacement of piezoelectric
element in microjet device. The inset is the static longitu-
dinal displacement of piezoelectric actuator, revealing
hysteresis.


