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Abstract We present a non-intrusive molecular dye based
method, i.e., laser-induced fluorescence photobleaching
anemometer (LIFPA), to significantly increase temporal
resolution (TR) for velocity measurement of fast transient
electrokinetic flows. To our knowledge, the TR has been for
the first time achieved to 5–10 ls, about 100 times better
than that published from state-of-the-art micro particle
image velocimetry (lPIV), which is currently the most
widely used velocimetry in the microfluidics community.
The new method provides us with new opportunities to study
experimentally the fundamental phenomena of unsteady
electrokinetics (EK) and to validate relevant theoretical
models. One application of the new method is demonstrated
by measuring the rise time of DC electroosmotic flows
(EOFs) in a microcapillary of 10 lm in diameter.
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1 Introduction
Electrokinetics (EK) is widely used for sample actuation,
particle manipulation, and analyte separation in microfluidics for lab-on-a-chip applications. Although electrokinetic
flows are often steady, alternative current (AC) EK and
transient EK phenomena have recently received significant
attention (Chang and Wang 2008; Kang et al. 2002; Yan
et al. 2006) given the many advantages they offer over DC
EK. In prior works, it was found that transient flow depends
on the transverse size of the channel and may provide some
unique property. For instance, pulsed DC electric fields can
enhance separation based on electrophoresis (Frumin et al.
2001; Lin et al. 2008; Pel et al. 2009) and the fidelity of the
pulse, which is related to the rise time of electroosmotic
flow (EOF), can affect the separation efficiency (Heiger
et al. 1992). AC EK is an intrinsically unsteady process, so
are the initial phase of EOF and sample injection, etc. For
example, in the initial phase of EOF, several dynamic
processes occur including propagation of the electric field,
capacitive charging of the double layer, resistive heating of
the electrolyte and subsequent development of thermal
gradients in both electrolyte and substrate (Dose and
Guiochon 1993). The rise time (tr) of this transient EOF is
estimated to be on the order of 10-9–10-5s in microchannels depending on the position in the transverse
direction (Söderman and Jönsson 1996). Furthermore, in
AC EK devices such as pumps and mixers (Bazant and Ben
2006), fluid response often occurs at a time scale of
*10-5–10-4 s (Bazant et al. 2009). To help understand
these transient flows, measurement of the unsteady flow
velocity with high temporal resolution (TR) is required.
Among the methods that have been used to measure
fluid velocity in microfluidics, micro particle image
velocimetry (lPIV) is most widely used. However, to our
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knowledge, the published highest TR with lPIV for microfluidics system is on the order of *500 ls (Shinohara
et al. 2004, Yan et al. 2006), which is too slow to measure
the aforementioned transient flows in microfluidics. We
also note that the temporal resolution of PIV is different
from the inverse of the frame rate per second of a camera.
There are some other methods, such as nuclear magnetic
resonance (Hunter and Callaghan 2007), hot wire anemometer (HWA) (Bruun et al. 1989), caged-fluorescence
visualization (Ross et al. 2001), holographic optical
velocimetry (Di Leonardo et al. 2006), laser Doppler
velocimetry (LDV) (Pak et al. 1992), molecular tagging velocimetry (MTV), (Hu and Koochesfahani 2006;
Roetmann et al. 2008) particle tracking velocimetry (PTV)
(Wang et al. 2006), PIV (Adrian 2005; Devasenathipathy
et al. 2002; Santiago et al. 1998) and invasive atomic force
microscopic velocimetry (Piorek et al. 2006). All these
methods have limited TR for microfluidics. For example,
though the HWA allows for a dynamic response up to
several hundreds of kHz in conventional aerodynamics
(Mischler et al. 1995), its application in microfluidics can
be difficult due to its intrusive nature, e.g., it can significantly disturb fluid flows and electric field in EK when
used for measurement at different transverse positions in
microchannels.
Molecular tracer based fluorescence recovery after
photobleaching (FRAP) has been used to measure molecular diffusion for a long time (White and Stelzer 1999).
Flamion et al. (1991) have improved this method to measure convection velocity as well, but this recovery method
still has to ‘‘wait’’ for the fluorescence recovery, and thus,
its TR is on the order of milliseconds. In order to achieve
higher TR, ‘‘waiting’’ should be avoided for the fluorescence recovery.
Laser-induced fluorescence photobleaching anemometer
(LIFPA) (Kuang and Wang 2009; Sugarman and
Prud’homme 1987) presented here is different from the
aforementioned photobleaching (PB)-based methods for
measuring flow velocity. LIFPA has shown high potential
to measure transient flows with ultrahigh temporal and
spatial resolution simultaneously (Kuang and Wang 2010;
Kuang et al. 2009a, b). The spatial resolution has recently
been achieved to *70 nm when stimulated emission
depletion (STED) is employed to overcome the classical
Abbe’s diffraction limit (Kuang and Wang 2010). In this
molecular tracer based method, PB is leveraged and a precalibrated relationship between flow velocity and fluorescence intensity is established. Therefore, no ‘‘waiting’’ for
the fluorescence recovery is required, and thus, transient
flows can be rapidly measured, if the PB is sufficiently fast.
However, this method has so far only achieved a TR with
100 ls (Kuang et al. 2009a), which is still slower than
required for measurement in many transient EK flows. In
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this article, we present a significantly increased TR of
5–10 ls in LIFPA by (1) applying a laser with a short
wavelength and (2) increasing the laser power.

2 Principle of LIFPA
Laser-induced fluorescence photobleaching anemometer is
based on a simplified model illustrating the relationship
between fluorescence intensity If and fluid velocity u for a
given dye concentration due to LIFP (Wang and Fiedler
2000). In this model, when the bleaching time t is
approximated as the dye residence time within the laser
beam of the detection point, If increases with u, i.e.
If ¼ If0 et=s ¼ If0 edf =ðusÞ

ð1Þ

where If0 represents If at t = 0, s denotes photobleaching
time constant, e.g., half decay time, df, is beam width. This
is a simplified model of the LIFPA, and more detailed
models are also available (Crimaldi 1997; Rička 1987). In
reality, s as a system parameter depends on laser wavelength and intensity at the detection point, type of dye and
buffer, etc. For a given bleaching time, the smaller s, the
lower If. Thus, lower s causes faster bleaching, and higher
dIf/dt, i.e., higher temporal resolution. s decreases with
reduced laser wavelength and increased laser intensity. The
parameter s can be determined through experiment.
Note at the detection point, molecular diffusion will
cause fluorescence recovery of the bleached dye molecules.
However, LIFPA here does not measure the recovery, as
some of other photobleaching-based velociometers do. In
LIFPA, a calibration curve between u and If is measured
first, if quantitative measurement of u is required. In this
case, the recovery effect has already been included in the
calibration relation. This is the main reason why LIFPA has
high temporal resolution.

3 Experimental methods
In order to validate the ultrafast TR of LIFPA, the rise time
tr of DC EOFs is measured, since (1) this is one of the most
basic transient electrokinetic flows and a very fast dynamic
process (Söderman and Jönsson 1996); (2) the flow
response understood here can help understand the AC EOF
during each period of the AC signal. Theoretical works
(Dose and Guiochon 1993; Söderman and Jönsson 1996)
show that tr decreases as the inner diameter (ID) of a
capillary shrinks. The closer to the capillary wall, the faster
the fluid velocity approaches the steady state (Söderman
and Jönsson 1996). To study the DC rise time, previously
the transverse size of the channel used was larger than
1 mm due to limited temporal resolution (Manz et al. 1995;
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Fig. 1 Schematic of the experimental setup

Wu et al. 1995). In microfluidics, the transverse size is
often on the order of 10 lm. To demonstrate the high
spatial resolution of the LIFPA, here, we measure the tr in a
microcapillary with ID of 10 lm.
We now describe the experimental setup schematically
shown in Fig. 1. A fused silica microcapillary (from
Polymicro Technology) was used. It was placed on a precise 3D translation stage. A syringe pump drove a syringe
containing fluorescence dye solution to deliver fluids to the
microcapillary. Two Tee connections were used to connect
tubing and platinum electrodes, respectively. The distance
between the ends of the two platinum electrodes was about
50 mm and the detection position was 25 mm from the
electrode at the entrance of the capillary. A high voltage
power supply Keithley 248 (Keithley Instruments Inc., OH)
was used to provide 0–5 kV DC signal for generating the
EOF. A fast relay was built in a circuit loop to provide
rapid switching of high voltages to the microcapillary. The
relay was driven by a function generator, i.e. AFG3102
(Tektronix Corp. TX). The voltage of the power supply can
be switched from zero to 2000 V in less than 0.3 ls, which
is sufficiently short to satisfy the requirement of the
experiments and has almost no effect on the measurement
of tr (Kuang et al. 2009a).
According to prior publications (Flamion et al. 1991;
Wang and Fiedler 2000a, b), shot noise can be reduced by
raising the dye concentration. A neutral dye (Coumarin
102) was diluted with pure methanol to a concentration of
200 lM for the experiments. The neutral dye as tracer can
avoid error caused by electrophoresis, when EOF is measured. Coumarin 102 is selected, since this dye has a high
quantum yield of photobleaching (number of photobleached molecules/total number of absorbed photons),
i.e., 4.3 9 10-4 (Eggeling et al. 1998). Methanol is used as
a working fluid since it is a good solvent for Coumarin 102.
The Debye length (kD) of the solution is estimated to be on
the order of 100 nm (Kim et al. 2008).
A Saber R series krypton laser from Coherent Inc, which
was set to multi-UV wavelength mode, i.e.,

337.5–356.4 nm, was used to excite the dye solution. The
multi-UV can provide higher laser power from this laser to
enhance photobleaching quantum efficiency. The laser
power was set to about 250 mW (after the objective lens).
After a beam expander the laser beam was reflected to a
409 and 0.65 NA objective by the dichroic mirror to excite
the dye in the test section of the microcapillary. The
focused laser beam diameter at the detection point is estimated to be about 350 nm. To avoid heat influence, a low
pressure driven steady flow was added before measuring
the EOF. The pressure driven flow and EOF can greatly
remove potential heat generated by the laser beam. Fluorescence signal from the capillary was collected by the
same objective, through the dichroic mirror and an optical
bandpass filter, and focused to a detector, i.e., a photomultiplier tube (PMT) by a convex lens (f = 100 mm).
Fluorescence signal was detected confocally through a
pinhole, whose diameter was 10 lm in front of the PMT.
The signal from the detector was amplified by a preamplifier SR570 (Stanford Research System, CA) and then
acquired by an A/D converter USB-6259 (National
Instruments, TX). The data sampling rate of the A/D
converter and the bandwidth of the preamplifier were set to
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Fig. 2 Experimental results demonstrating ultrahigh TR of the
LIFPA technique. a The time evolution of fluorescence intensity at
detention point on the microcapillary axis. b The time evolution of
fluorescence intensity at detection point 1 lm from the microcapillary
wall. The detection points are 25 mm from the entrance of the
capillary. Both panels show the dynamic process of EOF when a 2 kV
voltage was switched on within 0.27 ls. Neutral dye was used to track
the transient variation of the EOF velocity and to minimize systematic
errors due to the electrophoresis effect
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4 Results and discussion
The ultrahigh TR of LIFPA is shown in Fig. 2 for an EOF
with an applied voltage of 2000 V. Detection points in
Fig. 2a and b are on the axis and at 1 lm from the wall of
the capillary, respectively. Both points are out of the
electric double layer (EDL). The relative location was
determined for the detection point with respect to the
capillary (at the center line or 1 lm from the wall) through
a precise translation stage with a spatial resolution of
1–10 nm. The transient variation of EOF velocity u was
recorded at the detection point, when a fast step of voltage
increase was supplied to drive the flow in the microcapillary. In LIFPA, the higher the flow velocity, the larger the
fluorescence signal (Kuang et al. 2009b; Wang 2005). As
shown in Fig. 2a, it takes about 90 ls for the EOF to rise
from 10 to 90% of its maximum steady state value on the
capillary axis. When the measurement point was near the
wall, tr decreased to about 10 ls in Fig. 2b). Here, although
the fluorescence signal was not converted to velocity by a
pre-calibration relation, it does directly reflect the variation
of transient velocity at the detection point—the focus of
this work, since the fluorescence signal increases with the
increased flow velocity, when other parameters are given
(Kuang et al. 2009b; Wang 2005). Quantitative determination of the velocity can be obtained through a calibration
and is documented in our prior publications (Kuang et al.
2009b; Wang 2005).
Figure 2b shows the transient process with time step of
1 ls during a 10 ls period. During the rise of EOF, the
fluorescence intensity in principle should only increase, but
it does decrease as well. We expect that this is because of
shot noise. Considering the high frequency shot noise, the
TR in the current system is evaluated to be 5–10 ls from
Fig. 2b, if the TR is here defined as the duration, during
which, the change in signal can be distinguished.
To explore LIFPA’s potential impact on research in
transient electrokinetic flow, we discuss two cases below.
Firstly, note that LIFPA is so fast that we can even measure
the overshot of the EOF velocity at the initial stage
(cf. Fig. 2). To our knowledge, this is the first time such a
phenomenon is observed in single microchannel, and it has
not been reported in previous theoretical studies of transient EOFs (Dose and Guiochon 1993, Söderman and
Jönsson 1996).
Secondly, we studied the dependence of EOF rise time
on the microcapillary ID. The EOF rise time is an important parameter for AC EK and capillary electrophoresis in
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microfluidics. The rise time was first measured and then
compared with theoretical prediction based on the work
from Söderman and Jönsson (1996). Note in applying the
theory, the following assumptions are used (Dose and
Guiochon 1993): (1) The temperature is assumed uniform
over the entire sample, because the timescale of relaxation
of the solution velocity is much shorter than heating
timescales at the lumen wall (Dose and Guiochon 1993).
(2) The magnetic field produced by moving charge is
neglected. (3) The flow is laminar and incompressible. (4)
It is assumed that there is no counter-flow of liquids due to
pressure gradient. (5) All the boundary surface charge
density is assumed to be uniform. (6) The initial time is
ignored when the velocity within a couple of Debye lengths
outside the charged surface, reaches its maximum velocity.
Figure 3 shows the measured relationship between the
ID and tr at the axis of the capillary. In general, the measured values are higher than the theoretical predictions. It
can be seen that, in the widest capillary, the experimental
results agree well with the theoretical predication, which is
consistent with that reported in millimeter-scale capillaries
(Manz et al. 1995; Wu et al. 1995). The measured tr in the
75 lm microcapillary is about 37% higher than the theoretical prediction. However, it is found that the relative
deviation between the experimental measurement and the
theoretical prediction increases rapidly with the decrease of
the ID. For instance, as ID approaches to 10 lm, the
measured tr is about 400% higher than the predicted one.
Since the TR of the system is much better than the measured 90 ls, the reason of the deviation should not be
because of poor TR. At present, the above observation is
not well-understood yet.
We postulate that one of the main reasons of the
aforementioned difference may be related to a RC circuit
effect of the microcapillary system. A microcapillary

1
Rise time /log10(Tr )/ms

1 MHz for the data acquisition. The response of the PMT is
27 ns. Thus, the rise time of the measuring system should
be in the order of 1 ls limited by the preamplifier.
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Fig. 3 Comparison of the measured tr on the axis in microcapillaries
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prediction. (Note: the experimental data for 50 and 75 lm ID are
obtained from another work (Kuang et al. 2009a) in order to compare
the influence of ID on the rise time tr of EOF)
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integrated with electrodes can be modeled as an equivalent
RC circuit. Specifically, the bulk electrolyte behaves as an
electric resistor, and the EDLs at the interface between the
bulk electrolyte and electrode act as capacitors as the
electric field is switched on suddenly. The charging time
constant sc of the capacitor is proportional to RC, i.e., the
product of the electric resistance R of the medium and the
capacitance C of the capacitor. The resistance R is inversely proportional to the square of the ID (Heiger et al.
1992), and the capacitance C can be approximated as
(Kirby 2010)
C

eA
kD

ð2Þ

where e is the dielectric permittivity, kD and A are the
Debye length of the electrolyte and the area of the electrode in contact with the electrolyte, respectively. We note
that Eq. 2 is valid strictly only at electrode potential much
smaller than the thermal voltage, and more sophisticated
models must be used under other conditions. However, for
the present qualitative analysis, Eq. 2 is sufficient.
The charging time of the capacitor could affect the time
required to establish the electric field inside the microcapillary system. However, most transient EOF theories
have so far neglected the rise time of the electric field (tre)
itself in microcapillaries (Dose and Guiochon 1993;
Söderman and Jönsson 1996). These theories are accurate
in wide channels. In such channels, where the resistance is
small, tre is small and the rise of the electric field is much
shorter than the rise time of EOF predicted by the theory, in
which the electric field is switched on instantaneously
(Söderman and Jönsson 1996). As such, neglecting the
finite rise time of the electric field will incur at most small
error in the rise time of the EOF. However, as the ID of a
microcapillary is reduced, its resistance will increase rapidly but the total capacitance of the microcapillary system
will remain the same as e, kD, and A can be approximated
as independent of ID. Consequently, the electric field rise
time tre, which is propositional to the product of the
resistance and the capacitance, will increase sharply as ID
is reduced, and may no longer be negligible compared to
the rise time of the EOF generated by a suddenly imposed
electric field. Consequently, the rise time of the EOF in
these microcapillaries is larger than that predicted by the
current theoretical models, and the discrepancy increases as
the ID decreases. From the above discussion, it becomes
clear that the dynamics of transient EOFs can be very
complicated in narrow microchannels or in nanofluidic
channels. Furthermore, the initial time may no longer be
negligible when the velocity within a few Debye lengths
outside the charged surface reaches its maximum velocity,
since as the ID decreases, the ratio of this initial time to the
entire rise time of EOF will increase. In order to fully

understand and describe tr, when the transverse dimension
is sufficiently small, the theory should address other factors, such as the finite time required for the establishment
of the electric field. In addition, assumptions (5) and (6) in
the current models may need to be revised as well.
Developing such a theory is out of the scope of the this
study, but will be pursued in the future.

5 Conclusions
LIFPA with ultrahigh TR has been introduced for measuring fast transient EOFs. The method, for the first time,
can measure the rise time of DC EOF in a microcapillary of
10 lm ID with a TR of 5–10 ls. The method could provide
a new opportunity for measurement of velocity in transient
electrokinetic flows in microfluidics and even in nanofluidics, when a pre-calibrated relationship between the
velocity and fluorescence intensity is established.
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