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Abstract Near-surface velocity measurements are carried

out with quantum dot (QD) nanoparticles using evanescent

wave illumination. Relying on the small size of QDs, their

correspondingly small hydrodynamic radius and high

Brownian diffusion coefficient, we consider the situation

where the tracer diffusion length over the inter-frame time

Dt is large compared to the size of the interrogation region

next to the wall. While keeping all other experimental

parameters fixed, we systematically increase Dt by as much

as a factor of 25, resulting in an increase of the QD dif-

fusion length by a factor of 5. Data indicate a significant

overestimation of the ‘‘apparent’’ mean velocity measured

experimentally. These results provide a direct confirmation

of the phenomenon of diffusion-induced bias described by

the simulations of Sadr et al. (2007).

With the increased interest in developing microscale

devices for biological and chemical analysis and detection,

various measurement techniques have been developed and

refined to study the relevant flow physics or to address

practical issues in such small-scale systems. Fluid velocity

measurement, in particular, has been of special interest

owing to the increased attention to flow and transport near

surfaces, liquid–solid slip, and the desire for direct

measurement of slip velocity. Recently, near-surface

imaging using evanescent wave illumination has been

effectively utilized for studying near-wall particle dynam-

ics (e.g. Kihm et al. 2004; Banerjee and Kihm 2005), and

the development of nano-PIV (Zettner and Yoda 2003;

Sadr et al. 2004; Li et al. 2006), or Total Internal Reflection

Velocimetry (TIRV), (Jin et al. 2004; Huang et al. 2006)

technique. Typically, the flow is interrogated within a few

hundred nanometers of the surface by measuring the

motion of seed particles with diameter of order 100 nm.

More recently, Pouya et al. (2005) have introduced the use

of quantum dot (QD) nanoparticles for near-surface ve-

locimetry where the tracer particle diameter is of order

10 nm.

Near-surface measurements with evanescent wave

imaging usually yield an ensemble of velocity data inferred

from the displacement of tracer particles over a prescribed

time period Dt between the successive frames of the

detector. This ensemble is then used to calculate the mean

velocity within the near-wall interrogation region of char-

acteristic thickness H, which is set by the evanescent layer

thickness and the camera detection threshold relative to the

evanescent layer intensity field. The important question

that arises is how well the measured mean velocity repre-

sents the true mean fluid velocity within the interrogation

region. The underlying issue is connected to the nanopar-

ticle’s Brownian motion, which can lead to particle

displacements significantly larger than that due to the fluid

mean velocity. Even if the issue of the misidentification of

the nanoparticles in successive images, e.g. due to dropout

out of the evanescent field, is dealt with satisfactorily in

data processing, the asymmetry of Brownian motion near

the surface (diffusion is unconstrained away from the wall

but it is constrained toward the wall by the solid wall)

cannot be removed. Consequences of this phenomenon
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have recently been addressed by the simulations of Sadr

et al. (2007) using a Fokker–Planck description of

Brownian fluctuations. The nanoparticle Brownian diffu-

sion length scale is given by
ffiffiffiffiffiffiffiffiffi

DDt
p

; D representing the

diffusion coefficient, and the ratio X �
ffiffiffiffiffiffiffiffiffi

DDt
p

=H defines a

non-dimensional variable that embodies the significance of

Brownian diffusion over the interrogation region H. Sim-

ulations of Sadr et al. (2007) show that the mean velocity

of tracer particles within the interrogation region in a shear

flow near the surface overestimates the mean fluid velocity

in that region for X larger than about unity, with the extent

of overestimation increasing monotonically with increasing

X, e.g. with increasing inter-frame time Dt. This overesti-

mation is qualitatively explained by the fact that at longer

time separations particles that are inside the interrogation

region at the beginning and the end of measurement

interval have most likely diffused out of the observation

region in between and, therefore, been exposed to higher

fluid velocities.

The purpose of this article is to experimentally assess

the phenomenon of diffusion-induced bias. The small size

of QDs, and their correspondingly high diffusion coeffi-

cient, allows us to consider the situation where the

diffusion length over the inter-frame time is large com-

pared to the size of the interrogation region next to the

wall. This allows us to provide direct experimental evi-

dence for the diffusion-induced overestimation of velocity

predicted by Sadr et al. (2007).

The experimental setup is similar to Pouya et al. (2005)

and is shown schematically in Fig. 1. A syringe pump was

used to flow a dilute aqueous solution (&10-5 lM) of

water-soluble (CdSe) ZnS QD tracers through a quartz

microchannel with a gap height of 200 lm at a constant

flow rate of 1 mL/min and an estimated mean flow speed of

about 10 mm/s across the microchannel cross section. The

QDs had a core size of 6 nm emitting at 630 nm and their

effective hydrodynamic diameter was estimated to be about

16 nm in a separate experiment using gel filtration. The

evanescent field was generated by coupling the beam of an

argon ion laser (k = 514.5 nm) to the microchannel wall

using a prism. The incident angle at the quartz/water

interface was measured to be 72.2 ± 1, resulting in an

evanescent layer penetration depth (i.e. 1/e point) of

&101 ± 5 nm based on the indices of refraction of quartz

and water, 1.46 and 1.33, respectively. The measurement

location was the center span of the microchannel at a

downstream position where the flow was fully developed.

An intensified camera (12-bit 1280 9 1024 pixel ICCD)

was used to record images of QD tracers. The camera was

operated either in the dual-frame mode to capture two

successive images with a short delay in between, or in the

regular single- frame mode to record images with longer

delay times dictated by the inverse of framing rate. The

results discussed here were obtained with an exposure time

E = 1 ms and an image pair separation time Dt in the

range 2–52 ms. Two additional cases with E = 4 ms and

Dt = 14, 55 ms were also obtained to assess the possible

influence of image exposure time. For each case, 1,000

image pairs were recorded. Laser illumination was limited

to the brief period of data acquisition for each case (about

2 min) to minimize fluid temperature variation among the

various cases, which was estimated to be less than 1�C. A

very important aspect of these experiments that we wish to

emphasize was that all the experimental parameters were

held fixed (i.e. flow conditions, geometry, fluid properties

and its chemical composition, optical arrangement, detec-

tion, etc.); the flow was continuous and only the timing

aspects of image acquisition (E and Dt) were altered

throughout the experiment. Therefore, the results should

provide an unambiguous evaluation of diffusion-induced

bias. For the range of image separation times Dt considered

here, the QD tracer Brownian diffusion length scale varied

by a factor of 5 between about 250 nm and 1,250 nm,

where the diffusion coefficient was arrived at using the

Stokes–Einstein relation. Note that these length scales are

significantly larger than the evanescent layer thickness. The

minimum intensity detection threshold in this work would

imply an interrogation region with H & 300 nm in the

limit of zero exposure.

In measuring the velocity of QDs from their displace-

ment, the misidentification of QD image pairs in successive

frames, e.g. due to dropout out of the evanescent field and

possible blinking, needs special attention (Pouya et al.

2005; Guasto et al. 2006). In the work presented here, we

utilized a new approach in which the concentration of QDs

in the solution was chosen to be low enough so that the

average spacing of QDs in an image was much larger than

their expected displacement over time separation Dt (i.e.

Brownian diffusion length plus displacement due to flow),

thereby minimizing the chance of QD misidentification in
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Fig. 1 Schematic of experimental setup
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successive frames. Figure 2, which is a superposition of

two consecutive frames of QD images from an actual

experiment, illustrates this approach. QDs in each image

were identified based on their size (in the range 7–8 pixel),

consistent with their expected diffraction limited size (see

Pouya et al. 2005). The noise features in our ICCD had a

characteristic size nearly one half of the QD’s or smaller

and could be excluded using size and intensity threshold.

Once a QD in the first frame was identified (labeled green

in Fig. 2), an interrogation region (see examples marked by

white boundary) was defined around it within which we

searched in the second frame for the location of its matched

counterpart (labeled red). To ensure capturing the displaced

dot, the size of the interrogation region was selected to be

three times larger than the expected Brownian diffusion

length (but lengthened in the mean flow direction by the

additional displacement expected from mean flow).

Because of the very low concentration of QDs, the prob-

ability of a mismatched QD appearing inside the

interrogation region was made vanishingly small. Figure 2

shows examples of matched QD pairs appearing inside the

interrogation areas, along with examples where a matched

dot is missing in either the first or the second frame. The

actual displacements of the QD pairs were determined by a

direct spatial correlation approach. The final data set for

each case typically consisted of about 1000 velocity

samples.

Figure 3 shows the distributions of the measured

streamwise (U-component) and cross-stream (V-compo-

nent) velocities for two time delays of Dt = 2 and 11 ms.

The width of distribution is correlated to the Brownian

fluctuation of QDs over the delay time. Since the dis-

placement due to Brownian diffusion scales as
ffiffiffiffiffi

Dt
p

; the

width of the velocity distribution is expected to reduce as

1=
ffiffiffiffiffi

Dt
p

and becomes narrower with increasing time delay.

The distributions of V-component are symmetrically cen-

tered on zero, representing the correct zero mean fluid

velocity in the cross-stream direction. The distributions of

U-component are wider due to the mean shear in the near-

wall region. Note that the peak of the distribution shifts

toward higher velocity as the time delay increases, an

artifact of diffusion-induced biased discussed further

below.

Measured velocity distributions, such as those in Fig. 3,

were used to calculate the mean streamwise velocity for the

different image acquisition parameters considered in this

study. Results are shown in Fig. 4 in terms of the variation

of the measured mean velocity within the interrogation

region versus the inter-frame time delay Dt. Also indicated

for each data point is the rms uncertainty estimate for the

mean value based on the measured rms fluctuation level

Fig. 2 Composite of two consecutive frames of QD images with the

first and second frames labeled green and red, respectively. Mean

flow is from right to left. Field of view is 70 lm 9 50 lm. Regions

highlighted by white boundary have a size three times larger than the

expected diffusion length, but lengthened in the flow direction by the

additional displacement expected from mean flow
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Fig. 3 Measured in-plane velocity distributions for two time delays
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Fig. 4 Measured mean streamwise velocity versus time delay

between image pairs
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and square root of sample size for that case. Figure 4 shows

an unambiguous trend of increasing mean velocity as the

delay time between the image pair is increased. The gen-

eral trend is unaffected by the increase in the exposure

time. We note that an increase of Dt by a factor 25, raising

the tracer diffusion length by a factor of 5, leads to a sig-

nificant increase of 65% in the ‘‘apparent’’ mean velocity

measured experimentally. These results provide a direct

confirmation of the overestimation caused by the phe-

nomenon of diffusion-induced bias.

In conclusion, we have presented results from an

experiment aimed at isolating the influence of diffusion-

induced effects on near-surface mean velocity measure-

ments. The fact that the experimentally measured mean

velocity can be noticeably higher than the true mean fluid

velocity points to the care that must be exercised in

interpreting such data and their influence on slip length

estimates. While the reported results are in qualitative

agreement with the prediction of Sadr et al. (2007), a

quantitative comparison still remains. Such a comparison

would have to extend the work of Sadr et al. to take into

account additional experimental parameters that might also

impact the outcome, such as the image exposure effect and

correspondence of the effective size of the interrogation

region near the wall in the experiment versus the simula-

tion. This work is currently in progress.
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