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ABSTRACT

This paper reports the development of MEMS metrology tools
to characterize liquid and gaseous jets ejected from
micro/nanofabricated nozzles. To date few highly local
measurements have been made on micro/nanojets, due in part
to the lack of characterization tools and techniques to
investigate their characteristics. Atomic force microscope
cantilevers are well-suited for interrogating these flows due to
their high spatial and temporal resolution. In this work,
cantilever sensors with either integrated heating elements or
piezoresistive elements have been fabricated to measure thrust,
velocity, and heat flux characteristics of micro/nanojets.
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INTRODUCTION

Micro- and nanoscale jets have potential applications in drug
delivery, micro surgery [1], inkjet printing, microelectronics
cooling [2, 3], and precision manufacturing [4]. While O(100 ~
1000 um)-scale high-speed gaseous jets have been investigated
as potential actuators for flow control applications, little work
has been reported on free liquid and gaseous jets having
characteristic scales that extend below 10um.

Atomic force microscope (AFM) cantilevers have become
perhaps the most widely used transducer for sensing and
actuating at the nanometer scale [5]. Micromachined silicon
cantilever beams have been applied in liquid fluid flow volume
sensing [6, 7] and highly sensitive piezoresistive cantilevers
have been introduced for measuring air flow velocity in a small
pipe [8]. Due to their high spatial and temporal resolution,
micromachined cantilevers can be versatile tools for
interrogating micro/nanojets. Liquid jets from microscale
nozzle can be examined with optical diagnostic tools but liquid
jets from much smaller nozzle or gaseous jets are difficult to
visualize or characterize using these tools.

The cantilevers used to interrogate the micro/nanojets are of
two types: cantilevers with an integrated heating element and
piezoresistive cantilevers. The heated cantilevers were
originally developed for data storage by Stanford [9] and IBM
[10], but have recently been redesigned and fabricated at
Georgia Tech to extend their functionality beyond data storage
application (Fig.1 (a) and (d)). The heated cantilevers are
expected to examine cooling capacity of micro/nanojets by heat
transfer between the heating element and jet environment and
act as an anemometer which measures velocity like a hot-wire
sensor. Both commercially available (Fig. 1 (b) from Park
Scientific Instruments) and fabricated piezoresistive cantilevers
(Fig. 1 (c)) are introduced for deflection sensing since optical
detection techniques are difficult to be incorporated under the
liquid jet environment.

Heater region

20 um

Figure 1. (a) SEM image of the fabricated heated cantilever (b) Image
of a commercial Piezolever™ (c) SEM image of the fabricated
piezoresistive cantilever (d) Infrared microscope image of the
fabricated heated cantilever with electrical heating.
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The piezoresistive cantilevers can measure deflection which
can be correlated into thrust and velocity due to momentum
transfer and detect mass of liquid droplets when the liquid
sticks to the cantilever surface in a resonant mode.

This paper presents novel metrology application of AFM
cantilevers to interrogate micro/nanojets flow. The jets are
formed by micromachined silicon nozzles defined in the chip
plane and laser drilled stainless nozzles connected to a small-
scale pressurized reservoir. Liquid butane and propane and
gaseous nitrogen jets ejected from 600 nm to 12 um diameter
nozzles have been generated and characterized with the
cantilever sensors.

EXPERIMENTAL SETUP

Figure 2 shows the experimental setup which enables switching
between two different types of cantilever sensors. The
cantilever and microfabricated nozzle are controlled by
independent motorized 3-axis translation stages. The flow field
is illuminated using a double-pulse ND:Yag laser (532 nm)
where the duration of the laser pulse is on the order of 5 nsec.
Instantaneous images of the flow are captured using a PIV
CCD camera having 1008 x 1018 pixels equipped with a high-
magnification microscope lens. The lens system consists of a
50x infinity corrected microscope objective lens coupled with a
6.5x lens and 2x extension tube for a total maximum
magnification of 228x. The smallest field of view measures 28
um on the side. Another CCD camera is used for alignment and
inspection.
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Figure 2. Experimental setup which enables switching between two
different types of cantilever sensors.

The working liquids are propane and butane which have similar
surface tension, but propane has a higher vapor pressure than
butane. Figure 3 shows the constructed fluidic system suitable
for the generation of high-speed sub-microscale jets. The
maximum operating pressure of the present system is 34.5
MPa. In this system, nitrogen is used for pressurizing. Before
the system is filled with the working liquid, it is first
pressurized slightly above its vapor pressure using nitrogen,
and then the liquid is pumped into the reservoir to the desired
level. The system is then pressurized again to the desired
driving pressure using nitrogen. The jet nozzle is directly
connected to the reservoir and is designed to minimize volume

and the possibility of nitrogen pockets. When the working
liquids are not introduced to the reservoir, gaseous nitrogen jets
can be driven.
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Figure 3. Fluidic system diagram.

Figure 4 shows the configuration of a cantilever and a
microfabricated nozzle. Once the position of the nozzle and
reservoir assembly is fixed, the piezoresistive cantilever is
brought close to the jets and scanned over the entire effective
flow field. When the pre-calibrated piezoresistive cantilever
bends up due to the jets, the deflection can be obtained using a
Wheatstone bridge and a differential amplifier. The heated
cantilever needs to be stationary so that the heating element
near its tip can be fully exposed to the jet environment
continuously. Since the resistance change of the heated
cantilever is much greater than that of the piezoresistive
cantilever, measurement can be done with one additional
resistor connected to the cantilever in series. Both cantilever
types are powered by a Keithley SourceMeter 2400 and
monitored by an Agilent 34401A multimeter. Both liquid and
gaseous jets are tested by piezoresistive cantilevers. However,
the heated cantilever have been used to examine liquid jets
only.
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Figure 4. Configuration of nozzle and cantilever.

RESULTS

Piezoresistive cantilevers are introduced first to estimate thrust
and velocity of the micro/nanojets. The temperature of the
liguid butane and propane jets is well below ambient
temperature whereas the temperature of nitrogen gas is close to
the ambient. Since piezoresistive cantilevers are sensitive to
deflection and temperature, they need to be calibrated for both
applied deflection and environmental temperature. A
calibration setup was constructed using a precise motorized
micro-translation stage and an optical microscope. Figure 5
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shows the calibration results of the piezoresistive cantilever
with applied deflection. The voltage read out increases linearly
with cantilever deflection. Then, the cantilever is mounted in a
cryostat to check the temperature dependency of the cantilever
sensor.
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Figure 5. Voltage read out from a Wheatstone bridge with the
cantilever deflection with 2V bias voltage.

Figure 6 shows that the sensor read out changes in parabolic
fashion with the sensor temperature under the assumption of
thermal equilibrium between cantilever and mounting stage in
the cryostat. When the piezoresistive cantilevers are operated at
lower or higher than ambient temperature, offset of the sensor
read out must be compensated to estimate actual cantilever
deflection.
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Figure 6. Voltage read out from a Wheatstone bridge at different
cantilever temperature with 2V bias voltage

After the piezoresistive cantilever is calibrated, the cantilever is
scanned over the effective flow field of the liquid and gaseous
micro/nanojets. Figure 7 shows the piezoresistive cantilever
immersed in a liquid butane jet from a 12 pm diameter nozzle.
The sensor read out data are recorded and processed to extract
cantilever’s actual deflection using the calibration results.

Piezoresistive cantilever

AR

Butaneijet

Figure 7. Piezoresistive cantilever bends up when the liquid butane jets
hit the bottom surface of the cantilever.

Figure 8 shows the measured cantilever deflection as the
cantilever is traversed through liquid butane jets generated from
a 6 um microfabricated silicon nozzle with 130 um separation
between the cantilever and nozzle. Each deflection curve has a
plateau which indicates that the cantilever deflection is nearly
constant once the jets are blocked completely by the cantilever
and there is negligible torsional motion.
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Figure 8. Deflection of the piezoresistive cantilever as the cantilever is
traversed through liquid butane jets generated from a 6 um diameter
silicon nozzle.

When the liquid butane jets are aligned to the center of the
cantilever in the scanning direction, the thrust (F) of the jets
can be obtained by the equation (1) with the assumption that the
piezoresistive cantilever has constant rectangular cross-section
from free end to base and experiences pure bending.

3
F= ZL ks @)

a“(3L-a)
where, L, a, &, and k are cantilever length, distance from
the cantilever free end to the center of the jet, cantilever
deflection, and spring constant, respectively [11]. Distance a is
measured with the PIV CCD camera and the spring constant (k
= 1.4 N/m) of the piezoresistive cantilever is obtained using an
AFM system — Digital Instruments Multimode Atomic force
Microscope - before jet testing. Once the thrust is calculated,
the jet velocity (V) can be estimated by the equation (2).
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v= @
ijet
where, F, p, and A, are thrust, density of the liquid jets,

and cross-sectional area of the jets, respectively [12].

Three assumptions are made to estimated jet velocity. First, the
cross-section of the liquid jets is a perfect circle with a diameter
measured using the CCD camera. Second, the density of the
liquid jets does not change much with driving pressure after the
jets are ejected from the nozzle. The third assumption is that
momentum of the jets is fully transferred to the cantilever. Jet
velocities at different driving pressures are calculated by the
equation (2) and compared with the data obtained using laser
shadowgraphy as shown in Fig. 9.
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Figure 9. Measured jet velocity as a function of driving pressure
extracted from piezoresistive cantilever measurements and
shadowgraphy.

The velocity data obtained from piezoresistive cantilever
signals show good agreement with the measured velocity using
shadowgraphy image. Since piezoresistive sensing can detect
sub-nm range deflection [13], the piezoresistive cantilever is
sensitive enough to measure thrust and jet velocity from
nozzles with diameters much smaller than the wavelength of
currently available laser, while optical diagnostic tools such as
p-P1V and shadowgraphy struggle.

Gaseous micro/nanojets were also tested using the same fluidic
system with the needle valve connected to the working liquids
supply closed. Figure 10 shows the measured cantilever
deflection as the piezoresistive cantilever is traversed through
gaseous nitrogen jets generated from a 1 um microfabricated
silicon nozzle with 27 pm separation between cantilever and
nozzle. Different to the liquid jets, these deflection curves are
almost symmetric and have a maximum deflection when the
cantilever is aligned to the center of the nozzle. The effective
flow field of gaseous jets is much larger than that of liquid jets
even though a much smaller diameter nozzle is used. The
conclusion can be drawn that the gaseous jets spread out while
the cross-section of liquid jets is uniform as shown in Fig. 4,
even the gaseous jets can not be visualized. Figure 10 also
shows that the effective flow field of gaseous nitrogen jets does
not change in driving pressure range from 6.89 to 10.34 MPa.

Figure 11 shows the linear relationship between cantilever
maximum deflection and driving pressure using gaseous
nitrogen jets generated from a 1 um diameter silicon nozzle
with 27 pm separation between cantilever and nozzle.
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Figure 10. Deflection of the piezoresistive cantilever as the cantilever
is traversed through gaseous nitrogen jets generated from a 1 pm
diameter silicon nozzle with 27 pum separation between cantilever and
nozzle.

Once the driving pressure is fixed, the cantilever maximum
deflection can be estimated. Currently, thrust and velocity
estimation for gaseous jets can not be done since the interaction
between the cantilever and gaseous jets is more complicated
because the gaseous jets spread out easily and a small region of
the jets has an exact vertical velocity component.
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Figure 11. Linear relationship between cantilever maximum deflection
and driving pressure using gaseous nitrogen jets generated from a 1
pum diameter silicon nozzle with 27 pm separation between cantilever
and nozzle.

The piezoresistive cantilever is switched with the heated
cantilever which has an integrated micro-heater near its tip to
investigate the cooling capacity of the liquid microjets and the
thermal interaction between the cantilever heater and the liquid
jet environment. The heated cantilever has a positive
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temperature coefficient of resistance (TCR) at low temperatures
and a negative TCR at high temperatures [14]. The resistance of
the heated cantilever is calibrated using an infrared microscope
— Quantum Focus Instruments InfraScope Il - at relatively low
temperatures where the cantilever has positive TCR and results
are shown in Fig. 12.
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Figure 12. Heated cantilever electrical resistance as a function of tip
temperature measured using an infrared microscope.

After the heated cantilever is calibrated, the heater region of the
cantilever is aligned to and impinged by the liquid microjets
from a 10 um diameter stainless steel nozzle. Figure 13 shows
that the resistance of the heated cantilever changes with the
dissipated power in the cantilever with and without jet
impingement. When liquid jets impinge the cantilever heater
region, the cantilever can dissipate more power without
significant heating than when the cantilever operates without jet
impingement. Figure 13 also shows that there are
discontinuities which indicate vaporization of liquid butane
droplets at a critical power, and this critical power increases as
the jet velocity increases.
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Figure 13. Resistance of heated cantilever as a function of dissipated
power with and without additional cooling by liquid microjets.

Liquid butane droplets form around the heated cantilever legs at
power lower than the critical power; however, the droplets

vaporize and disappear at higher power than the critical power
as shown in Fig. 14. Before the liquid droplets vaporize, the
cantilever looks almost fully surrounded by the cold liquid
environment, and resistance vs. power plots are independent of
jet velocity. Once the droplets vaporize completely, the
cantilever can dissipate more power at the same electrical
resistance as the jet velocity increases.
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Figure 14. (a) Liquid butane droplets form around the heated
cantilever legs, (b) the droplets vaporize and disappear at higher
power. The measured jet velocity is 18 m/s.

Whereas similar analysis or operation to conventional hot wire
or hot film anemometry is not applicable right away, the heated
cantilever can still measure velocity of liquid microjets by
monitoring the critical power as shown in Fig. 15.
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Figure 15. Jet velocity measured using shadowgraphy as a function of
the critical power of the heated cantilever.

CONCLUSIONS

Liquid butane and gaseous nitrogen jets ejected from 600 nm to
12 um diameter nozzles have been generated and characterized
with the two different cantilever sensors. The piezoresisitve
cantilever can measure thrusts ranging from 40 to 100 pN and
estimate jet velocities which agree to the shadowgraphy results
within 6 % for the liquid microjets from a 6 um diameter
nozzle. The piezoresistive sensors can also investigate effective
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flow field, estimate how much the jets spread out, especially for
gaseous jets, and check whether the nozzle is clogged. Since
the piezoresistive sensing can detect sub-nm deflections, the
piezoresistive cantilever is well-suited for nanoscale jet
characterization.

With the heated cantilever, local vaporization of liquid butane
droplets and localized cooling capability of the liquid microjets
can be examined. There is a critical power which indicates
vaporization of liquid butane droplets and increases with jet
impinging velocity. Our results present the possibility of the
cantilever metrology for interrogating liquid and gaseous
micro/nanoscale jets.
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