
2246 IEEE SENSORS JOURNAL, VOL. 11, NO. 10, OCTOBER 2011

High Precision Electrohydrodynamic Printing of
Polymer Onto Microcantilever Sensors

James H. Pikul, Phil Graf, Sandipan Mishra, Member, IEEE, Kira Barton, Yong-Kwan Kim,
John A. Rogers, Fellow, IEEE, Andrew Alleyne, Placid M. Ferreira, and William P. King

Abstract—We report electrohydrodynamic jet printing to de-
posit 2–27 � diameter polymer droplets onto microcantilever
sensors. The polymer droplets were deposited as single droplets or
organized patterns, with sub- � control over droplet diameter
and position. The droplet size could be controlled through a
pulse-modulated source voltage, while droplet position was con-
trolled using a positioning stage. Gravimetry analyzed the polymer
droplets by examining the shift in microcantilever resonance fre-
quency resulting from droplet deposition. The resonance shift of
50–4130 Hz corresponded to a polymer mass of 4.5–135 pg. The
electrohydrodynamic method is a precise way to deposit multiple
materials onto micromechanical sensors with greater resolution
and repeatability than current methods.

Index Terms—Electrohydrodynamics, mass sensing, micro-
cantilever, microelectromechanical systems, polymer deposition,
polymer printing, sensor.

I. INTRODUCTION

M ICROCANTILEVER sensors are of interest due to their
high sensitivity, low-cost label-free detection of various

analytes, and compatibility with silicon electronics. Microcan-
tilevers are micromechanical spring boards that are anchored at
one end and free at the other end. These physical sensors can
respond to changes in surface stress or adherent material, which
are detected through cantilever bending or frequency change
[1]–[5].

Most applications of microcantilever sensors employ a func-
tional layer that coats the cantilever. This functional layer is
selected to be sensitive to environmental change or stimulus.
Examples of these functional layers include self-assembled
monolayers (SAMs), polymers, hydrogels, and biomolecules
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(DNA, antibodies, polypeptides, and nucleotides) [6]. One of
the biggest technical challenges for microcantilever sensors
is: how precisely can one deliver this functional material to
the cantilever. Precise control of the functional layer location
is required for measuring the smallest analyte quantity. For
example 50–400 nm precision was required to detect 6.3–213.1
attograms of thiolate self-assembled monolayer systems [7].
Precise application of functional layers increases the sensitivity
of cantilevers [8]–[11], reduces adhesion problems from func-
tional layer expansion [12], and enables detection of multiple
analytes on a single cantilever using higher order resonant
modes [8]–[10], [13]. When using cantilever resonance to de-
tect changes in mass of an adherent material, the measurement
precision depends upon knowing the location of the mass, since
the resonant frequency shift changes with mass location [14],
[8]–[10].

Polymer functional layers are of particular interest due to
their high sensitivity caused by the large differential stress
produced from swelling during analyte absorption [15], [16].
Precise patterning of polymer onto microcantilever sensors en-
hances sensitivity by amplifying the stress seen in the cantilever
[15], in addition to the benefits of controlling the location of
adsorbed mass. Polymer functional layers have been incorpo-
rated with microcantilever sensors to detect humidity and pH
changes [17]–[19], alcohols, alkanes, ethers, aromatics, esters,
ketones, nitriles, haloalkanes, solvents, perfume essences, and
beverage flavors [20]–[23]. Polymers are also used as inert
coverings on reference cantilevers [24], [25].

Multiple cantilevers in an array can detect multiple analytes,
which is possible when each cantilever is functionalized with
a different functional layer. Recent papers report sensing of 13
different chemicals using arrays of 2 or 6 cantilevers coated with
different polymers [22], [23]. Increasing the number of can-
tilevers in an array increases the number of analytes that can
be detected at one time. Integration of multiple polymers onto
multiple cantilevers in an array, without cross contamination,
is challenging and requires micrometer control over the size
and position of the functional layer. Individual cantilevers in
arrays can be functionalized with polymer using drop-coating,
microarray spotting pins, immersion in capillaries, and inkjet
printing [21]–[23], [26]. These techniques are limited to res-
olutions in the hundreds of micrometers and lack the ability
to print patterns or precisely locate polymer onto microcan-
tilever sensors. The best resolution for the deposition of poly-
mers onto microcantilevers is demonstrated with inkjet printing,
with droplets of diameter 60 and placement precision of
10 . The deposition diameter, after contact with the can-
tilever, is around 100 [26].
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The precise deposition of polymers onto microcantilever
sensors with micrometer resolution and control has become
increasingly important as sensors are required to detect more
analytes with higher sensitivity. This paper uses electrohy-
drodynamic jet (e-jet) printing to deposit 2–27 diameter
droplets of molten polyethylene onto microcantilever sensors.
We demonstrate sub- control of droplet diameter and po-
sitioning. Using the cantilever resonance, mass of individual
droplets is measured to be between 4.5 and 135 pg and the effect
of droplet location on cantilever sensitivity is demonstrated.

II. METHODS

E-jet printing is a high resolution printing technology where
the printed liquid is driven by an electric field [27]. Exposure to
an electric field causes mobile ions in a polarizable liquid to ac-
cumulate at the liquid surface. The coulombic repulsion of the
ions causes the meniscus at the nozzle end to deform into a con-
ical shape, called a Taylor cone. When the electric field exceeds
a critical limit, the stress from the surface charge repulsion at
the cone apex exceeds the surface tension and a droplet of fluid
is emitted towards the grounded substrate. The keys to high-res-
olution droplet printing are to use electric field potentials below
those required for atomization mode, or spray mode, as well as
the use of small micropipette nozzles with diameters less than
10 . Deposited droplets can be as small as 240 nm with spa-
tial accuracy in the hundreds of nm [27]. The deposition rate can
be controlled up to 10 kHz with independent droplet size con-
trol using a pulse voltage signal [28]. Oligonucleotides, organic
and inorganic solutions with conducting polymer, single walled
carbon nanotubes, and photocurable pre polymers are printable
with e-jet printing [27], [29].

Fig. 1 shows the e-jet printing setup used in this experiment.
Two different sized glass micropipettes, with inner diameter 5
or 10 , were filled with molten polyethylene. Polyethylene
was chosen due to its low melting temperature and the diversity
of applications that use polyethylene. Before filling, the out-
side of the pipettes were sputter coated with a 15 nm film of
gold-palladium that served as the nozzle electrode. The pipette
was then inserted into a NiCr heater, shown in Fig. 1(a), and at-
tached to a syringe. The stabilizer, a clamping system attached
to a rigid body, was mounted to the end of the NiCr heater to pre-
vent thermal drift of the micropipette. In addition the substrate
was heated to 90 C using a thermoelectric and the NiCr heater
was brought to approximately 120 C. The relative pressure
in the syringe was controlled between zero and thirty pounds
per square inch. The target microcantilever was mounted to a
five-axis controlled stage and positioned 20–40 below the
micropipette tip. When the target area of the cantilever was posi-
tioned below the micropipette and a pulse voltage signal was ap-
plied between the nozzle electrode and the grounded cantilever,
a jet of polymer was deposited as a droplet on the target area of
the cantilever, shown in Fig. 1(b). The cantilevers used in this ex-
periment were tipless silicon cantilevers, MikroMasch CSC12.
These cantilevers were chosen because they are commercially
available tipless cantilevers that have a resonance frequency in
the range 50–100 kHz, and are appropriately sized to deposit

sized droplets in various dimensions and configurations.

Fig. 1. The experimental set up used to electrohydrodynamically jet print poly-
ethylene onto microcantilevers. (a) An overview of the e-jet printing aparatus
consisting of an gold-palladium coated micropipette attached to a syringe with
a variable back pressure input. The Syringe is mounted to a rigid body with the
syringe holder. Surrounding the micropipette is a NiCr heater used to melt the
polyethylene and a stabilizer to reduce thermal drift of the pipette tip. Positioned
below the pipette tip is the stage with the target cantilever mounted on top. The
stage is heated by a thermoelectric and controlled with a five-axis controller.
(b) A close up of the micropipette tip in (a) showing the polyethylene with a
Taylor cone and being e-jet printed onto a cantilever. The pipette tip and can-
tilever are separated by 20–40 �� and the jetting is performed between 250 and
700 volts using a pulse voltage signal.

The cantilevers had an aluminum coating on the backside, which
served as the electrode for the e-jet process. The exception to the
use of these cantilevers was in Fig. 3, where we deposit droplets
onto cantilevers having sharp tips.

III. RESULTS AND DISCUSSION

A. Electrohydrodynamic Jet Printing of Polymer Onto
Microcantilevers

Pure polyethylene was e-jet printed in its molten state. Fig. 2
shows three lines of 10 average diameter polyethylene
droplets deposited onto a flat aluminum substrate using e-jet
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Fig. 2. Three lines of 10 �� diameter polyethylene droplets deposited onto a
flat Aluminum substrate using e-jet printing. The droplet diameter and spacing
are uniform across all three lines. The e-jet printing conditions and resulting
droplet characteristics are similar to those presented in previous e-jet printing
work.

printing. The droplet diameters have 227 nm standard devia-
tion. The droplet diameter and spacing are uniform across all
three lines and are similar to those presented in previous e-jet
printing work using room temperature liquids [27].

Fig. 3(a) shows before and after images of a 27 diam-
eter droplet of polyethylene deposited onto a silicon microcan-
tilever. The droplet was formed by depositing several smaller
droplets in the same location from the 10 micropipette.
Fig. 3(b) shows a 22 diameter droplet of polyethylene de-
posited onto the tip of a silicon microcantilever.

Fig. 4 shows droplets of polyethylene with various diameters
and positions deposited by e-jet printing on tipless silicon can-
tilevers. Fig. 4(a)–(d) show lines of polyethylene droplets with
controlled size and location that progress from a single line with
similar sized droplets to multiple lines with two different sized
droplets. Fig. 4(e) shows a line of droplets that incrementally
increase in diameter from 4 to 18 . Fig. 4(f) shows a combi-
nation of droplets with diameter, position, and spacing changed
to further demonstration of control over these parameters. E-jet
printing is capable of depositing 2–27 polyethylene droplets
with controlled diameter and position onto microcantilevers.

The sizes of the deposited droplets in Fig. 4 were controlled
by adjusting the voltage applied to the nozzle electrode, sepa-
ration of the tip and substrate electrodes, back pressure, and se-
lecting the micropipette inner diameter. The voltage necessary
to reach the jetting mode of polyethylene was between 250 and
700 volts with a 20–40 separation between electrodes. For
these experiments, a 0.25 Hz pulse voltage signal was used with
amplitude 250–500 V and duty cycle 0.005%–5%. The duty
cycle determined how long the maximum voltage was applied,
as a percentage of the pulse signal frequency. At low duty cy-
cles, below 5%, an increase in duty cycle increased the diameter
of a single deposited droplet. Increasing the maximum voltage
increased the diameter of a single deposited droplet until a max-
imum diameter is reached. Individual droplet size is best con-
trolled with either maximum voltage or duty cycle. The limits in
droplet size are dependent on the micropipette inner diameter.
For 5 inner diameter pipettes, a single jetted droplet was
limited to sizes between 1 and 6.5 , or 20%–130% of
the diameter opening. A 20% to 130% limit is similar for 10

inner diameter pipettes. The droplets in Fig. 4(c)–(e) were de-
posited with a 10 inner diameter pipette. The droplets in
Fig. 4(a), (b), and (f) were deposited with a 5 inner diam-
eter pipette.

The positions of the droplets in Fig. 4 were placed with
sub- variance in their location. After an initial droplet was
deposited onto a cantilever, each successive droplet was de-
posited relative to the previous droplet location. The variances
in separation between droplet centers in Fig. 4(a)–(f), not
including Fig. 4(d), were less than 0.65 in both the distance
along the length of the cantilever and across the width. The
larger 5 variance in spacing for Fig. 4(d) is most likely
due to larger variation in droplet size from depositing near the
cantilever edges, discussed later, and from shifts in the droplet
center after depositing multiple droplets in the same location.
When comparing the average droplet separation to the droplet
separation programmed into the stage, 20 along the length
and 10 along the width in most cases, the variance was less
than 0.45 for droplets in Fig. 4 and typically below 100 nm.

Fig. 5 shows a side view of the cantilever in Fig. 4(e), where
droplets of polyethylene between 4 and 18 in diameter
were deposited. The first two droplets near the cantilever free
end were deposited using a single 0.25 Hz voltage pulse with
5% duty cycle. The sizes of the droplets were controlled by
adjusting the maximum voltage applied, between 300 and
450 V. To achieve larger diameter droplets, multiple droplets
were printed in the same location. The remaining droplets
along the length of the cantilever were deposited with 3, 5, 10,
and 15 pulses. A close up of the 1-pulse, 5-pulse, and 15-pulse
droplets can be seen at the bottom of Fig. 5. The diameters of
the droplets are 3.2, 7.3, and 13 . The contact angles for
each droplet are 30 , 49 , and 40 .

Changes in electric field across a cantilever can affect the uni-
formity of the deposited droplets. Two effects occur as polyeth-
ylene droplets are deposited near the microcantilever tip. The
first effect is a change in electric field line symmetry. The asym-
metric electric field lines distort the shape of the Taylor cone
and reduce the volume of deposited droplets. The asymmetry
is caused by the finite length of the cantilever electrode and
defects in the aluminum due to processing. The second effect
is a reduction in separation between the cantilever and nozzle.
The cantilever deflects due to the electrostatic force between the
cantilever and nozzle. The resulting decrease in separation in-
creases the electric field and deposits larger droplets. To achieve
uniform droplet sizes across the length of a cantilever, the ap-
plied voltage signal can be adjusted to account for changes in
the electric field due to cantilever deflection or geometric and
material changes.

The thermal drift of the micropipette tip limits the precision
of droplet positioning. At room temperature the location of the
droplet, determined by the location of the micropipette tip, is
limited by the stage resolution of 20 nm. At nozzle tempera-
tures near 200 C thermal drift reduces placement precision to,
at most, a few . For the present experiments with polyeth-
ylene at 120 C, the thermal drift is less than a during the
printing time of 1 min and had negligible effect on the droplet
positioning.
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Fig. 3. Before and after images of polyethylene deposited onto the tips of microcantilevers. (a) A 27 �� diameter droplet of polyethylene deposited onto a
tapping mode silicon microcantilever used for imaging in an Atomic Force Microscope. (b) A 22 �� diameter droplet of polyethylene deposited onto the tip of a
tapping mode silicon microcantilever. The droplets in (a) and (b) were formed by depositing several droplets in the same location using a 10 �� inner diameter
micropipette.

Fig. 4. Several tipless microcantilevers with printed patterns of polyethylene
that demonstrate the ability to control the diameter and position of droplets
deposited onto microcantilevers. (a) A single line of 2 �� diameter droplets
printed with a 5 �� pipette. (b) Two parallel lines of 3 �� diameter droplets
printed with a 5 �� pipette. (c) Two parallel lines of 9.5 �� average diameter
droplets printed with a 10 �� pipette. (d) Two parallel lines of alternating large
and small diameter droplets. (e) A single line of deposited droplets that incre-
mentally increase in diameter from 4 to 18 ��. (f) A combination of deposited
droplets with changes in diameter, position, and spacing.

B. Mass Measurements

Mass measurements of various polyethylene droplets de-
posited onto tipless cantilevers were made by measuring the
shift in the cantilever resonant frequency. The spring constant,

initial resonant frequency and final resonant frequency of each
cantilever were measured using an Asylum MFP-3D AFM. The
deflection of the cantilever beam due to thermal noise, in room
temperature air, was measured optically to determine the reso-
nant frequency. Fig. 6 shows the measured cantilever frequency
and frequency shift due to added mass. The measured spring
constants of the cantilevers were 0.17–0.57 N/m. Neglecting
damping, the resonance frequency of a cantilever is [30]

(1)

where is the cantilever spring constant, is the mass of the
cantilever, and the effective deposited mass, , depends on
the location of the loaded mass by [8]

(2)

In which is the actual loaded mass, is the length of the
cantilever, and is the distance of the mass from the free end of
the cantilever. Using (1) and (2), the loaded mass on a cantilever
with known spring constant can be determined by measuring
the change in resonant frequency and location of the deposited
droplet.

Table I shows gravimetry data for five different deposited
droplets of polyethylene on five different microcantilevers. The
resonant frequency of each cantilever before deposition was
indicated by . and indicate the resulting change in
resonant frequency of the cantilever and added mass due to
the deposited polyethylene droplet. The five droplets had a
mass of 4.5, 21.4, 134.5, 23.8, and 10.8 pg. The last column
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Fig. 5. A line of 4 to 18 �� in diameter polyethylene droplets deposited along the length of a microcantilever. The first two droplets near the free end were
deposited using a single pulse. The larger diameter droplets were deposited with 3, 5, 10, and 15 pulses along the length of the cantilever. A close up of the 1-pulse,
5-pulse, and 15-pulse droplets can be seen at the bottom of Fig. 5. The diameters of the droplets are 3.2, 7.3, and 13 �� respectively. The contact angles for each
droplet are 30 , 49 , and 40 .

Fig. 6. A plot of the resonant frequency of a cantilever using an Asylum
MFP-3D atomic force microscope. The plot is zoomed in between 80 and
110 kHz to best view the resonant peak and frequency data. The darker peak
is the frequency data for the cantilever before deposition. After deposition of
polyethylene, the resonant frequency shifts to a lower frequency resulting in
the lighter peak.

shows images of each droplet deposited on the cantilevers. It
is possible to estimate the size of the droplets using scanning
electron microscopy, and from the known density of polyeth-
ylene (0.92 ) estimate the droplet mass. The mass of
the droplets are estimated as 7.82, 36.22, 220.38, 39.56, and
11.28 pg. The accuracy of this droplet mass estimation is lim-
ited by the microscopy resolution and inaccuracy in the volume
calculation due to the complex droplet shapes. In addition,
the density of the polyethylene at the scale of the deposited
droplets is not known. Overall, we have higher confidence in
the cantilever-based mass measurement than the estimate from
SEM.

TABLE I
GRAVIMETRY DATA

In order to test the effect of droplet location on the change in
cantilever resonant frequency, three polyethylene droplets were
consecutively deposited at different distances from the micro-
cantilever tip. Fig. 7 shows the sequence of deposited droplets.
The resonant frequency of the clean cantilever was measured
and a 6.5 diameter droplet was deposited 14 from the
free end, seen in Fig. 7(a). The cantilever was then removed
from the e-jet printing apparatus and the resonant frequency was
measured, with a corresponding shift of 466 Hz. Using the same
voltage signal and heating conditions as the first deposition, a
second droplet of polyethylene was deposited 32 from the
free end, shown in Fig. 7(b). The droplet had a diameter 6.1
which induced a change in resonant frequency of 121 Hz. The
final droplet was deposited 49 from the free end under the
same conditions and had a 5.4 diameter and induced a fre-
quency change of 63 Hz, seen in Fig. 7(c). Table II shows the



PIKUL et al.: HIGH PRECISION ELECTROHYDRODYNAMIC PRINTING OF POLYMER ONTO MICROCANTILEVER SENSORS 2251

Fig. 7. A sequence of polyethylene droplets deposited consecutively onto a
microcantilever. After each deposition the cantilever was removed from the e-jet
printing apparatus and the resonant frequency was measured. The corresponding
mass of each droplet, change in frequency, distance from free end, and diameter
are shown in Table II.

corresponding mass of each droplet, change in frequency, dis-
tance from free end, diameter, and . The sensitivity of
a cantilever is increased if a small change in added mass, ,
results in a large change in the frequency shift, . The droplet
deposited closest to the free end, droplet 1, has a 21
greater than droplet deposited near the cantilever base, droplet
3. The sensitivity of a cantilever gravimeter, to a change in mass,
increases when the mass is precisely added to the free end of the
micro cantilever.

IV. CONCLUSION

Electrohydrodynamic jet printing of molten polymer was
used to print droplets of polyethylene, with -scale control of

TABLE II
CONSECUTIVE CANTILEVER LOADING

droplet diameter and positioning, onto microcantilever gravi-
metric sensors. E-jet printing of polyethylene can be expanded
to other polymers as long as the stress from the surface charge
at the apex of the Taylor cone exceeds the surface tension of
the molten polymer. New sensor platforms that detect multiple
analytes on one microcantilever can utilize e-jet printing to
deposit multiple functional materials onto specific locations.
The e-jet printing technique can be applied to print polymer
onto cantilever tips for tip-based manufacturing [31], [32]. In
addition it can be used to print polymer in organic electronics,
novel material fabrication, and onto micromechanical devices
used in nanofabrication and material characterization.
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