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A new paradigm of resistive pulse sensing (Coulter counting) is developed using a liquid bridge in lieu

of a solid pore as the sensing aperture, whereby the flexible liquid aperture circumvents the clogging issue

of conventional Coulter counters. The electrohydrodynamic bridge is formed between two opposing

Taylor cones and stabilized by radial polarization stresses. Passage of a colloidal particle through the

upstream conical apex triggers a current oscillation at the resonant frequency of the cone-jet bridge. The

relative current change is indicative of the particle-to-jet diameter ratio.
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I. INTRODUCTION

The resistive pulse sensing technique detects and char-
acterizes particles by the modulation of electrical current
through a fluidic aperture [1]. The key component in
implementing this Coulter principle is the sensing aperture
which dictates the analysis range. Miniaturized pores are
needed to measure small synthetic and biological entities
such as quantum dots and viruses. However, microscale
solid pores are expensive to fabricate and prone to clogging
because of impurities and agglomerates in the sample,
limiting the smallest diameter of commercial Coulter aper-
tures to 20 �m or so [2]. Here, we address this dilemma by
using a liquid sensing aperture in lieu of a solid-state one.

Adapting the well-known Taylor cone-jet [3–5], we
formed a liquid-bridge sensing aperture between two op-
posing Taylor cones (Fig. 1). The cone-jet bridge configu-
ration in Fig. 1 resembles the liquid bridges previously
reported (e.g., [6–9]), but our case is different, with two
opposing Taylor cones (unlike [6,8]) bridged by a slender
jet (unlike [7,9]). In contrast to the conventional Taylor
cone-jet in which surface convection current is important
[5], we will show that the electrical current through
the cone-jet bridge is primarily carried by bulk Ohmic
conduction.

Building upon a previous proof of concept [10], we
report in this paper the fundamental mechanisms of the
cone-jet bridge and its application in resistive pulse sensing
as a miniaturized, yet nonclogging aperture.

II. EXPERIMENTAL SETUP

The experimental setup to produce the cone-jet bridge is
schematically shown in Fig. 1. The working fluid was
ethylene glycol unless otherwise specified and was doped

by a salt to an appropriate conductivity (measured with an
Oakton 510 meter). The dopant was either potassium
chloride or sodium borate, without appreciable difference
in the results. The fluid was supplied by a Legato 180
syringe pump to a New Objective PicoTip nozzle with an
inner diameter of 100 �m and an outer diameter of
150 �m. Through a metallic union, the working fluid
was electrified between the glass nozzle and a planar
counter electrode using a Trek 610E high-voltage ampli-
fier. The counter electrode was made of black silicon [11]
to ensure even spreading of the working fluid. Fluid accu-
mulation was further prevented by gravity, which was
downward and parallel to the silicon substrate. Our setup
differed from typical electrohydrodynamic systems in its
close nozzle-to-plate separation, usually within 0.25 mm.
The close separation was crucial in enabling the cone-jet
bridge.
Unlike the conventional cone-jet, the length of the nozzle

plays a role in the cone-jet bridge formation because the
bridging jet has a much larger diameter and carries a much
larger current. A significant voltage drop can take place on a
long nozzle, which provides an extra feedback mechanism
in the electromechanical oscillation. Unless otherwise
specified, short nozzles of 3 mm length were used. The
short nozzle was affixed to a tubing sleeve for hydraulic

FIG. 1. Schematic of a resistive pulse sensing system in which
particles are detected by the modulation of electrical current
through a cone-jet bridge, a flexible sensing aperture that is not
clogged by impurities.
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connection. Long nozzles (20 mm) were used to promote
the underdamped oscillations seen in Figs. 3–5, in part by
increasing the RC time constant. A long nozzle was also
used for the work described in our earlier paper [10].

The current was monitored by the voltage drop across
the standard 1 M� resistance of an Agilent DS05014A
oscilloscope. Electrical noise was minimized with a
Faraday cage. The electrohydrodynamic process was
visualized by a Phantom v7.3 or v710 camera through an
Infinity K2 microscope. Illumination was provided by a
Fiber-Lite LMI-8000 LED light source to minimize
heating.

III. CONE-JET BRIDGE

We first discuss the physics of the cone-jet bridge as
schematically shown in Fig. 1, including its formation,
stabilization, and resonance. Our cone-jet bridge will be
compared to the well-studied Taylor cone-jets [5] and
electrohydrodynamic liquid bridges [12].

A. Formation

A typical formation process of the cone-jet bridge is
shown in Fig. 2 (see also Video 1 [13]), which can be
divided into three stages: (i) The first Taylor cone formed
on the electrified nozzle out of which a conventional cone-
jet emitted, leading to accumulation of the working fluid on
the counter electrode; (ii) A second Taylor cone developed
from the liquid accumulated on the counter electrode, and
the two cones eventually merged given sufficiently close
nozzle-to-plate spacing; (iii) The resulting liquid bridge
between the two cones went through a series of complex

morphological transitions, ultimately arriving at a stable jet
bridging the two receded Taylor cones.
The cone-jet bridge was very robust. Although the tran-

sient processes could be different from case to case, the end
cone-jet bridge (shown at 158.9 ms and 408.9 ms) was
almost always the same. After the system reached its
steady state, even if all of the exposed liquid was blown
dry, the same configuration of cone-jet bridge would typi-
cally emerge within 1 s.
Many working fluids conducive to conventional cone-

jets also support cone-jet bridges (Table I), an example
being the methanol-water mixture widely used in electro-
spray ionization. Unlike conventional cone-jets, in which a
significant portion of the jet current is carried through
surface-charge convection instead of bulk Ohmic conduc-
tion [17,18], the electric current through the cone-jet
bridge was predominantly Ohmic. With otherwise the
same condition, ethylene glycol at a higher conductivity
resulted in a proportionally higher current carried by a jet
of comparable diameter (Table I).

B. Stabilization

The stabilization of the cone-jet bridge is fundamentally
different from the conventional Taylor cone-jet [19]. In the
conventional cone-jet (Fig. 2, left column), the jet experi-
ences a significant acceleration because of the tangential
electric stresses associated with surface charges, which
exert an axial force competing with surface tension to
stabilize the jet. (The Columbic self-repulsion of the sur-
face charges can be either stabilizing or destabilizing [20].)
In the cone-jet bridge (Fig. 2, right column), the jet has a
uniform diameter in the streamwise direction, indicating
negligible surface charges. The absence of any appreciable
surface charges is also corroborated by the merging of the
two oppositely charged Taylor cones prior to the formation
of the cone-jet bridge (Fig. 2, middle column). Without
surface charges, the current-carrying jet is stabilized by a
radial polarization force (see Fig. 1 of Ref. [21]). The
stabilizing role of the polarization force has long been
recognized, particularly in the liquid bridge literature;
see, for example, Refs. [6,22–25].
In order to outcompete surface tension, the polarization

stresses should satisfy

"� "0
2

E2 *
2�

dj
; (1)

where " and "0 are the permittivities of the liquid jet and
the surrounding air, E is the axial electric field, � is the
surface tension, and dj is the diameter of the jet. According

to Eq. (1), the threshold electric field needed to form a

stable cone-jet bridge is Eth ¼ 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�=djð"� "0Þ

q
. The aver-

age electric field was estimated in two ways: �EI ¼
I=ð�4 �d2j Þ was based on the assumption that the current

through the jet was entirely and uniformly Ohmic;

FIG. 2. The formation process of a steady cone-jet bridge.
Ethylene glycol (10 �S=cm) was supplied at a flow rate of
0:20 mL=h, and electrified between the nozzle (grounded) and
the counter electrode (� 1:4 kV) with a separation of 0.21 mm.
The diameter of the jet bridging the two cones (right column) is
typically an order of magnitude higher than that of the conven-
tional jet issued from a single Taylor cone (left column). These
snapshots were captured from Video 1 [13].
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�EV ¼ V=Lwas a nominal field equal to the applied voltage
divided by the nozzle-to-plate separation. As shown in
Table I , the estimates for the applied fields ( �EI and �EV)
are consistent with each other, and are around the scaling
threshold for different working fluids (Eth).

The scaling analysis in Eq. (1) explains why the cone-jet
bridge has not been reported in conventional cone-jet
systems, where the nominal field is typically on the order
of 0:1 kV=mm and the liquid jet is typically micrometric
([5] and references therein). Under such conditions, the
polarization pressure is insufficient to overwhelm the cap-
illary pressure. On the other hand, pinned liquid bridges
have been stabilized at fields comparable to 0:1 kV=mm,
although these liquid cylinders are typically millimetric,
and the capillary pressure is therefore much lower ([12]
and references therein).

C. Resonance

The cone-jet bridge exhibits a clear resonance in its
electromechanical oscillations. In a typical oscillation of
the cone-jet bridge, particularly around the resonant fre-
quency, the jet diameter oscillates uniformly along the
entire length of the bridging jet (Fig. 3; see also Video 2
[26]). This peculiar oscillation mode is a consequence of
the balance between the stabilizing polarization force and
the destabilizing capillary force, and, in turn, the suppres-
sion of the varicose instability.

To first order, the cone-jet bridge can be modeled as two
conical oscillators in series with a bridging-jet oscillator.
The resonant frequency of the cone scales as the Rayleigh
frequency of a spherical drop of comparable size
[15,27,28],

f�
ffiffiffiffiffiffiffiffiffi
�

�d3n

s
; (2)

where � is the liquid density and dn is the wetted diameter
of the nozzle on which the cone is attached. Since the
capillary frequency is much higher for the jet (dj � dn),

the resonant frequency of the cone-jet bridge is governed

by the conical oscillation (which is the softer ‘‘spring’’).
For 150 �m nozzles, the measured resonant frequency
(Fig. 4) was about half of the capillary frequency in
Eq. (2). The qualitative trend of decreasing resonant fre-
quency with increasing diameter, predicted by Eq. (2), was
confirmed using glass nozzles of different outer diameters
(30, 150, and 330 �m). However, we were not able to

conclusively verify the d�3=2
n power law because of the

following constraints: The voltage-flow rate (V �Q) op-
erating diagram of the cone-jet bridge was very sensitive to
the nozzle diameter (dn); therefore, it was difficult to
maintain the same V and Q for different dn. Maintaining
a uniform conical shape across different nozzle diameters
also proved to be challenging.
The cone-jet bridge is a unique electrohydrodynamic

system: (i) Unlike a conventional cone-jet whose configu-
ration is not a function of the downstream condition on the
counter electrode [21,29], the cone-jet bridge was formed
by an inverse cone issued from the counter electrode and
was therefore a strong function of the downstream
condition (e.g., fluid accumulation as shown in Fig. 2).

TABLE I. Selected experimental conditions for stable cone-jet bridges compared to the theoretical stability threshold (Eth).

� V Q I dj �EI
�EV Eth

Working fluida (�S=cm) (kV) (mL/h) (�A) (�m) (kV/mm) (kV/mm) (kV/mm)

Ethylene glycolb 3.0 1.45 0.20 0.4 16 6.9 5.8 6.1

Ethylene glycol 10.0 1.45 0.20 1.2 15 7.0 5.8 6.3

Methanol-waterc 5.0 1.38 0.50 0.5 19 3.8 5.5 3.9

aWith a given working fluid and given conductivity (�), a voltage (V) was applied with a fixed nozzle-to-plate separation (L) of
0.25 mm. The flow rate (Q) was slightly above the minimum necessary to generate a stable cone-jet bridge, for which a very limited
range of voltages could stabilize the system; within this range, a medium voltage was selected. The current (I) was measured together
with the approximately uniform diameter (dj) of the jet.
bEthylene glycol was doped to a conductivity of 3 �S=cm or 10 �S=cm. Except for the measured conductivity, other properties were
assumed the same as those of the pure liquid [14].
cMethanol:water mixture was 1:1 by volume and doped to 5 �S=cm. Other properties of the mixture were taken from the literature
[15,16].

FIG. 3. The forced oscillation of the cone-jet bridge, in which
the average diameter along the jet (dj) fluctuates with a period

(T). The oscillation was driven by a sinusoidal voltage at 1.6 kHz
with a peak-to-peak amplitude of 20 V, superimposed on the base
voltage of 2.4 kV. The flow rate of ethylene glycol (5:2 �S=cm)
was 0:2 mL=h, and the nozzle-to-plate separation was 0.2 mm. A
long nozzle (20 mm) was used to promote oscillations, as
discussed in Sec. II. These snapshots, spanning half a period,
were captured from the top half of Video 2 [26].
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(ii) Unlike a conventional liquid bridge whose ends are
pinned [6,23], our bridging jet was connected to the Taylor
cones at both ends and therefore cannot be treated as an
isolated bridge. The resonant oscillations discussed above
clearly demonstrated these differences by the concerted
dynamics of the entire cone-jet bridge (Fig. 3). The reso-
nance of the cone-jet bridge and its Ohmic nature are
essential to the interpretation of the resistive sensing results
in the next section.

IV. RESISTIVE PULSE SENSING

We will now describe the use of the Ohmic cone-jet
bridge for resistive pulse sensing of colloidal particles. A
particle passing through the conical apex triggers an oscil-
lation of the bridge, and the resulting current change is
indicative of the particle volume.

A. Particle-triggered oscillation

When a particle passes through the cone-jet bridge, it
triggers modulations of both electric current and mass flow
(Fig. 5). The particle-triggered oscillation was at the reso-
nant frequency of the cone-jet bridge (Fig. 4). Within a
very small uncertainty (� 20 �s in Fig. 5; see also
Video 3 [30]), the first minimum jet diameter always
synchronized with the presence of the particle at the apex
of the upstream cone. This synchronization was observed
regardless of the particle size, the nozzle length, and the
imposed flow rate (which partially controlled the convec-
tive velocity of the particle).

The synchronization motivates the following scaling
arguments for the oscillation amplitude. For the cone-jet

bridge of ethylene glycol, the flow through the upstream
cone due to the imposed flow rate �Q is dominated by an
ideal sink flow [17,31]. When a particle of diameter dp and

volume Vp reaches the tip of the conical apex, the fluctua-

tion conceivably reaches a maximum. Owing to the elec-
trostatic and ideal flow fields, the oscillation amplitudes of
both the Ohmic current (�I) and flow rate (�Q) scale as
[32–34]

�Q
�Q

� �I
�I
� Vp

Vs

� d3p
�d3j
; (3)

where the sensing volume scales as Vs � �d3j , because the

jet diameter is the only relevant scale at the apex (Fig. 1).
Here, the overbar denotes the average (equilibrium) value
and � denotes the peak amplitude of oscillation. When the
volumetric flow (or Ohmic current) is dominated by axial
convection (or axial conduction), �Q= �Q (or �I= �I) scales
as �dj= �dj for an approximately constant axial velocity

(or electric field), as shown in Fig. 5.
Although not yet well understood, the phase shift be-

tween �dj= �dj (which presumably followed �Q= �Q) and

�I= �I appeared intrinsic to the complex electromechanical
circuit. Similar phase shifts were observed between the
sinusoidal driving voltage and the current response without
any particle triggering, e.g., in the experiments described
in Fig. 3.

B. Volume sensing

Among the possible indicators of the particle volume,
the relative current change (�I= �I) has a clear advantage for
its ease of measurements. When the current oscillation had
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FIG. 5. Particle-triggered oscillations with conditions specified
in Fig. 4. (a) Synchronized measurements of the diameter (dj)

and current (I) of the oscillating jet. Except for a phase shift,
these oscillations were perfectly correlated. The impulse re-
sponse up to the first maximum jet diameter was somewhat
faster than subsequent oscillations; only periodic oscillations
following the first maximum were used to measure the fre-
quency. (b) The first minimum of jet diameter synchronized
with a 7 �m particle entering the tip of the conical apex, within
�20 �s. The synchronization is illustrated in Video 3 [30].
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FIG. 4. The resonance of the cone-jet bridge. A sinusoidal
voltage with a peak-to-peak amplitude of 20 V was added to
the base voltage of 2.4 kV, and the relative change in the jet
diameter (�dj= �dj) was recorded at each driving frequency.

Other conditions were the same as in Fig. 3. The frequency of
the particle-triggered oscillation measured in the same system
was 1576� 33 Hz (shaded area), coinciding with the measured
resonant frequency of 1.6 kHz. The resonant and particle-
triggered oscillations were shown at the top and bottom, respec-
tively, of Video 2 [26].
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a rapid decay time, as in Fig. 6 where a short nozzle was
used, �I= �I was a particularly robust indicator of the par-
ticle volume. For a dispersion of mixed particles, a larger
depression of current (�I) indicated a larger particle,
which was confirmed by synchronized imaging (Fig. 6
insets; see also Video 4 [35]).

Using the cone-jet bridge as the resistive Coulter sensor,
micron-sized polystyrene particles were detected and sized
(Fig. 7). Spherical particles with a diameter of 5� 0:1 �m
(Duke Scientific 4205A beads), 7� 0:14 �m (4K-07) or
10 �m (G1000) were dispersed in ethylene glycol
and doped to a conductivity (�) of 3 or 10 �S=cm.
Experimental conditions were similar to those described
in Table I, with a voltage (V) of 1.35 or 1.45 kV at a fixed
electrode separation (L) of 0.25 mm and a flow rate (Q) of
0.15 or 0:20 mL=h. Different combinations of �, V, and Q
were used to vary �dj while maintaining an approximately

constant upstream conical shape. The high-frequency noise
from the power source (apparent in Fig. 5) was electroni-
cally filtered.

Consistent with Eq. (3), all data in Fig. 7 collapsed as a
function of d3p= �d

3
j ,

�I
�I

� �
d3p
�d3j

þ �
d6p
�d6j

þ � � � ; (4)

where � and � are numerical constants. The second-order
curve fit accounts for the effect of a finite particle size,
similar to conventional Coulter counting [34]. From the
curve fit in Fig. 7, the sensing region at the conical apex has
an effective volume of Vs � ð2:4 �djÞ3.

C. Discussions on cone-jet sensing apertures

Our resistive sensing technique based on the flexible
cone-jet apertures is distinct from conventional Coulter
counting with solid pores in three major aspects.
(i) Nonclogging sensing aperture.—The flexible sensing

aperture defined by the air/liquid interface is immune to the
clogging issue caused by impurities. In Fig. 8 (see also
Video 5 [36]), which we reported in [10], a 30 �m-long
piece of debris passed through a 14 �m-diameter jet with-
out clogging, even when the longitudinal axis of the piece
of debris turned from streamwise to spanwise with respect

FIG. 6. Oscilloscopic and microscopic measurements confirm-
ing the resistive sensing of particles. A short nozzle length of
3 mm was chosen to provide a well-defined �I= �I with strong
damping (cf. Fig. 5). When nonconducting particles with a
diameter of 10 �m (bottom image) and 7 �m (top image) are
passed through a cone-jet bridge with a diameter of 15 �m,
the oscillations of the bridge current indicate the passage and
relative size of these particles, which are confirmed with syn-
chronized imaging in Video 4 [35].

FIG. 7. Polystyrene particles were detected with the relative
current change (�I= �I) indicative of the ratio of the particle
volume (Vp � d3p) to the sensing volume (Vs � �d3j ). The vertical

error bars are 95% confidence intervals of repeated measure-
ments, while the horizontal ones are based on manufacturer
specifications. For the dashed quadratic curve fit passing through
the origin [Eq. (4)], � ¼ 0:0719, � ¼ 0:269, and the coefficient
of determination (R2) is 0.963. In the inset, the relative current
change correlates poorly with the particle-to-jet volume ratio,
supporting the conclusion that the sensing volume is governed
not by the volume of the jet ( �d2j

�lj) but by the volume of the

conical apex ( �d3j ).

FIG. 8. The passage of a piece of debris twice the size of the
equilibrium jet diameter. The bridging jet of 14 �m diameter
self-adjusted to pass the 30 �m-long piece of debris, and relaxed
back to its equilibrium configuration within 2 ms. The snapshots
were captured from Video 5 [36].
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to the jet. The cone-jet bridge quickly relaxed back to its
equilibrium configuration (within 2 ms). Such a large piece
of debris would have been detrimental to a solid porewith a
diameter only half of its size.

As discussed in Sec. III A, the cone-jet bridge system
was extremely robust, even against strong perturbations
such as complete purging of the exposed working fluid.
Therefore, the nonclogging aspect is fundamentally lim-
ited by the upstream nozzle diameter (dn). We achieved
Coulter counting with cone-jet bridges that issued from
nozzles with a diameter as large as 1.6 mm.

(ii) Oscillatory current signature (f� ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�=�d3n

p
).—The

current signature is oscillatory at the resonant frequency
(f) of the cone-jet bridge. The electromechanical oscilla-
tion sets a limit for the throughput of particle sensing,
which can be improved with a smaller nozzle diameter
(dn), as indicated by Eq. (2). On the other hand, the
resonance opens the possibility of resistive sensing with a
‘‘lock-in’’ frequency range.

With the 100 �m nozzles used here, a throughput of up
to 1 kHz or so can be envisioned. Smaller nozzles can be
used to increase the resonant frequency and therefore the
throughput. However, there is a trade-off between high
throughput and nonclogging Coulter counting because of
their antagonistic dependence on the nozzle diameter.

(iii) Conical sensing volume (Vs � �d3j ).—The sensing

region scales as the volume of the conical apex ( �d3j ), which

is only a function of the jet diameter, as indicated by Eq. (3).
Had the jet been replaced by a fixed solid porewith the same
dimensions, the sensing volumewould be the volume of the
jet ( �d2j

�lj), which is also a function of the jet length (�lj). See

Fig. 7 for a comparison of these two scalings. This subtle
difference was not easy to discern with long nozzles, which
yielded much smaller (and more scattered) �I= �I, as dis-
cussed in [10].

The new �d3j scaling of the sensing volume is favorable

for improving the analysis range by reducing the jet di-
ameter. With the conditions represented by Table I, the
cone-jet bridge had a diameter typically above 10 �m.
Although we did not systematically investigate the lower
bound, smaller bridge diameter could be obtained; e.g., a
5 �m-diameter bridge was produced using a smaller noz-
zle with an outer diameter of 30 �m. Using the cone-jet
liquid bridge, we reliably detected particles as small as
30% of the cone-jet aperture diameter ( �dj). With more

specialized electronics instead of a generic oscilloscope
for current measurements, even smaller particles should be
detectable.

V. CONCLUDING REMARKS

In summary, we produced a cone-jet bridge carrying
primarily Ohmic current and used it for resistive (volumet-
ric) sensing of particles. Triggered by a particle passing
through the conical apex, the relative current change is

indicative of the particle-to-jet diameter ratio (not the
volume ratio). A main advantage of the jet-based Coulter
counting is its immunity to clogging by impurities and
agglomerates, thanks to the flexible air/liquid interface
defining the sensing aperture.
For the mechanistic study here, we have reported only

Coulter counting with the cone-jet bridge, where the analy-
sis range was limited by the relatively large jet diameter.
However, we have also demonstrated Coulter counting
with the conventional Taylor cone-jet, where the jet diame-
ter can in principle be tuned down to 10 nm (by using a
high-conductivity fluid [5]). Compared to Coulter counting
with the cone-jet bridge reported above, our preliminary
results indicated that Coulter counting with the Taylor
cone-jet shares many common characteristics. For ex-
ample, both cases have a nonclogging sensing aperture
with an oscillatory current signature around the Rayleigh
oscillation frequency, Eq. (2). On the other hand, the two
techniques have complementary analysis ranges, with the
cone-jet bridge more suitable for micrometric particles
(such as biological cells) while the conventional Taylor
cone-jet is more suitable for nanometric particles (such as
viruses). Combined with the drop-and-place technique
[37,38], electrohydrodynamic Coulter counting has the
potential to enable the sensing and deployment of a broad
range of particles.
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