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ABSTRACT: We present a simple, noninvasive method for simultaneous measurement of
ﬂow velocity and inference of liquid viscosity in a microﬂuidic channel. We track the
dynamics of a sharp front of photobleached ﬂuorescent dye using a confocal microscope and
measure the intensity at a single point downstream of the initial front position. We ﬁt an
exact solution of the advection diﬀusion equation to the ﬂuorescence intensity recovery
curve to determine the average ﬂow velocity and the diﬀusion coeﬃcient of the tracer dye.
The dye diﬀusivity is correlated to solute concentration to infer rheological properties of the
liquid. This technique provides a simple method for simultaneous elucidation of ﬂow
velocity and liquid viscosity in microchannels.

■

systems is the versatility to measure both average ﬂuid velocity
and dye diﬀusion simultaneously. Elegant theoretical techniques were developed to quantify convective and diﬀusive
transport and determine their contributions to ﬂuorescence
recovery in an infused liquid medium.12 The fundamental
methodology of these techniques entails tracking the temporal
evolution of a well-deﬁned photobleached front and subsequent
ﬁtting of the digitized ﬂuorescence intensity data to a solution
of the advection−diﬀusion equation.13 This adaptable approach
has been used to determine dye diﬀusivity and ﬂuid velocity in
micro-9 and nanochannels14,15 and within the microenvironment of animal tissue.2 A challenge of these FRAP techniques,
however, is they require precise tracking of a photobleached
front throughout the entire region of interest and multiple
time-dependent curve-ﬁts to characterize diﬀusive and convective eﬀects. Additionally, commonly used Gaussian function
curve-ﬁtting relies on well-deﬁned photobleached geometries;
this demand places constraints on the laser beam proﬁle, thus
requiring speciﬁc optical components for precise focusing of
the beam into the sample. The utility of FRAP for
measurement of ﬂow velocity and liquid composition for
practical application could be further extended by simpliﬁcation
of previous methods; thus, a less demanding approach for
elucidation of convective and diﬀusive transport properties
remains an important yet unmet need.
We have developed a simple, noninvasive FRAP technique
for simultaneous measurement of ﬂow velocity and ﬂuorescent
dye diﬀusivity in a microﬂuidic channel. We use confocal

INTRODUCTION
An important challenge in biological and synthetic microﬂuidic
systems is simultaneous measurement of liquid viscosity and
ﬂow velocity when limited by a small liquid volume. The utility
of noninvasive ﬂuidic measurements is of considerable
importance for determining transport within micro- and
nanochannels and living tissues, including the capillary
vasculatures of plants1 and animals.2 The Venturi- and Pitot
tube method,3 hot-wire anemometry,4 laser Doppler velocimetry,5 and particle image velocimetry6 are robust techniques
used to measure the velocity in ﬂuid ﬂows. However, in most
micro- or nanoﬂuidic systems, these classical techniques cannot
easily be applied, either because the channel volume is too
small or because the measurement would disrupt the ﬂow. This
happens, for example, when the size of a tracer particle
approaches that of the channel under investigation.7 Additionally, these techniques do not provide a simple process for
simultaneous elucidation of physical properties such as solute
concentration or ﬂuid viscosity.
Alternatively, recent advances in ﬂuorescent-microscopybased techniques have facilitated noninvasive measurement of
both ﬂow velocity and liquid properties within various microand nanoﬂuidic systems. For example, analysis of ﬂuorescence
recovery after photobleaching (FRAP) has been used to
measure the ﬂow velocity in lymphatic capillaries of mice8 and
in straight or curved microchannels.9,10 In addition to velocity
measurements, FRAP analysis is an eﬀective method for
quantifying ﬂuidic properties by elucidation of ﬂuorescent dye
diﬀusivity; for instance, static 1-D diﬀusion measurements of a
carefully loaded ﬂuorescent analyte plug were demonstrated
within ﬂuidic channels.11 Perhaps the most powerful feature of
FRAP-based ﬂuidic measurements in biological and synthetic
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Figure 1. Experimental setup and data processing. (a) Schematic of the experimental setup. A syringe pump drives a ﬂow of average speed u = 15−
150 μm/s in a microﬂuidic channel of height h = 10 μm, width w = 10 μm, and length L = 1 cm. To obtain steady liquid motion at low ﬂow rates, a
bypass channel measuring 105 μm × 105 μm × 2 cm was used to divert the bulk of the volumetric ﬂow delivered by the syringe pump. (b)
Photograph of the experimental setup showing the device mounted in the inverted confocal microscope. Inset shows a close-up of the device with
laser illumination from below. (c) Image sequence illustrating a characteristic experiment. Initially, the ﬂuorescent dye present in the channel is
bleached for 20 s by an intense laser beam point focused at position x0. When the laser is turned oﬀ (at time t = 0), the ﬂuorescent intensity is
recorded by the confocal microscope as a function of time in a region measuring 20 μm × 510 μm (40 × 1024 pixel). The front of dye, initially
located at x0, is advected along the x-axis while it broadens due to diﬀusion. To quantify the advection and diﬀusion of the ﬂuorescent dye, we
measure the average intensity I(x,̅ t) as a function of time t in a small 5 μm × 10 μm region centered at the position x̅ = x0 + S . (d) Intensity I(x,̅ t)
plotted as a function of time t for a c = 40% wt sucrose solution driven with a pump speed of u ≈ 35 μm/s. Having traveled a distance S = 180 μm,
the front arrives at the region of interest after Δt = 5.5 s. The transition in intensity between the bleached level I1 and the unbleached level I0 takes τ
≈ 2.8 s (gray region). The solid black line shows a least-squares ﬁt to the intensity curve predicted by eq 6 with ﬁtted velocity u = 32 μm/s and
diﬀusivity D = 103 μm2/s. From the scaling results in eqs 1 and 3, we estimate the ﬂow speed u = S /Δt = 33 μm/s and dye diﬀusivity D = 1/(4π)(τS /
Δt3/2)2 = 122 μm2/s, in rough accord with the values determined from the curve ﬁt.

application in both synthetic and biological microﬂuidic
systems.

microscopy to quantify the advection and diﬀusion of a
molecular dye by measuring the average ﬂuorescence intensity
as a function of time in a small 5 μm × 10 μm region
downstream of a laser bleach point. We acquire a ﬂuorescence
recovery proﬁle from which the average ﬂow speed and
ﬂuorescent dye diﬀusivity are elucidated by a least-squares ﬁt of
the advection−diﬀusion equation to the experimentally
obtained sigmoid-shaped recovery curve. Furthermore, we
correlate dye diﬀusivity with solute concentration to infer the
viscosities for a number of aqueous sugar and polymeric
solutions. Particle tracking velocimetery (PTV) is used to
measure the average ﬂuid velocities at diﬀerent ﬂow rates to
corroborate the ﬂuid velocities obtained using our FRAP
technique. Determining both velocity and dye diﬀusivity from a
single ﬂuorescence recovery curve obviates the need for
tracking well-deﬁned photobleached geometries throughout
the entire region of interest; thus, our technique simpliﬁes
previous photobleaching approaches and has potential for

■

EXPERIMENTAL SECTION

Microﬂuidics. We ﬂow aqueous solutions of sucrose (SigmaAldrich, 342.30 g/mol) or polyethylene glycol (PEG) (Sigma-Aldrich,
3500 g/mol) and the ﬂuorescent dye carboxyﬂuorescein (CF, AnaSpec
Inc., 376.32 g/mol) through a long, straight, rectangular microﬂuidic
channel. The channel length L ≈ 1 cm is much greater than the
channel width w = 10 μm and height h = 10 μm. The microchannel
was fabricated in polydimethylsiloxane (PDMS) and bonded to a
microscope slide using standard soft lithography techniques.16 A CF
dye concentration of 10 μM was used throughout. To maximize the
ﬂuorescent intensity of the CF dye, the pH of each solution was
adjusted to ∼9 by adding small amounts of potassium hydroxide
(KOH). In the following, the term solute refers to sucrose or PEG. A
schematic sketch of the device and a photograph of the setup are
shown in parts a and b of Figure 1, respectively. We control the ﬂow
speed in the channel by connecting the device to a syringe pump
(Harvard Apparatus PHD 2000). At the channel outlet the solution
B
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ﬂows into a reservoir kept at atmospheric pressure. The ﬂow speed u is
varied over an order of magnitude, u = 15−150 μm/s, and the solute
concentration is in the range c = 0−40% wt for sucrose and c = 0−20%
wt for PEG; see Table 1. A total of 163 experiments were performed

particle trajectories. The velocity proﬁle is measured at the middle
plane of the channel from at least 25 000 successful velocity samples.
We then ﬁt the experimentally measured velocity proﬁle to the
solution for the rectangular channel ﬂow proﬁle of a square
microchannel17 to determine the ﬂow speed, u, in the channel.
Fluorescence Photobleaching. We use a confocal microscope
(Leica Microsystems GmbH, Wetzlar, Germany; scan time s = 41 ms)
with a 10× dry objective lens (numerical aperture 0.3) to acquire
single-channel ﬂuorescence images. For this, we use an argon (458
nm) laser as the excitation and photobleaching source of the CF dye;
the ﬂuorescence emission is collected by the photomultiplier (PMT)
detector through bandpass ﬁlters between 460 and 530 nm. A
conventional optical microscope could be used in similar experiments,
for example, by switching to a higher magniﬁcation during the
bleaching phase. We apply ﬂuorescence photobleaching with the goal
of measuring the ﬂow speed u, solute concentration c, and solution
viscosity η. We ﬁrst bleach the ﬂuorescent dye in part of the channel
and subsequently monitor the dynamics of the ﬂuorescent dye as it is
advected by the ﬂow while undergoing molecular diﬀusion as
exempliﬁed by the image sequence in Figure 1c. To ensure that we
are only observing the dynamics of mobile dye not bound to the
channel walls, we perform the bleaching by focusing a laser beam at
the channel position x = x0 for a bleaching time of tb = 20 s. Because
the liquid is moving at an average speed of u set by the syringe pump,
the intense laser pulse renders most of the dye in the channel between
x0 and x1 = x0 + utb inert and thereby unable to ﬂuoresce. This reduces
the ﬂuorescent intensity in the bleached region from the initial level I0,
proportional to the dye concentration, to the level I1 < I0. After the
laser is powered oﬀ, we monitor the dynamics of the ﬂuorescent dye
using confocal microscopy, as shown in Figure 1 c, d. To quantify the
dye dynamics, we record the ﬂuorescence intensity I(x,̅ t) as a function
of time t at the observation position x,̅ shown in Figure 1d.18 We
average the intensity measured at x̅ over a (x, y, z) = 5 × 10 × 10 μm3
volume. The 5 μm width along the x-direction gave a good signal-tonoise ratio, and although it is comparable to the initial front width
(∼10 μm), it is 10−20 times smaller than the width observed during
the intensity transition. In the following, we choose the time t = 0 to
coincide with the laser being turned oﬀ. For t > 0, we observe that the
ﬂuorescent intensity at x̅ varies between I1 and the prebleach constant
level I0. This is due to the combined eﬀect of liquid ﬂow (convection),
which carries unbleached dye toward the observation region and
facilitates Taylor-Aris dispersion, and molecular diﬀusion, which
broadens the boundary between the bleached and unbleached regions,
initially located at x0. Acting together, these eﬀects lead to a sigmoidshaped transition between the two intensity levels, as shown in Figure
1d.

Table 1. Diﬀusion Coeﬃcient D and Viscosity η Determined
As Described in the Text; Results Given for Aqueous
Solutions of Carboxyﬂuorescein (CF) and a Solute (Sucrose
or PEG) of Concentration c; Values Obtained at
Temperature T = 20 °C with Pump Flow Rates in the Range
50−100 μL/min
solution
water + CF
water + CF + sucrose
water + CF + sucrose
water + CF + sucrose
water + CF + PEG
water + CF + PEG
water + CF + PEG
water + CF + PEG
Diet Coca-Cola
Coca-Cola
Red Bull
A&W Cream Soda
water + CF
water + ﬂuorescein

c (% wt)

η (mPa s)
28

10
20
40
5
10
15
20
0
10.5
10.5
12.5

1.002
1.30 ± 0.02
1.75 ± 0.06
5.01 ± 0.03
4.08 ± 0.05
10.90 ± 0.06
26.0 ± 0.2
55.6 ± 0.3

D (μm2/s)
444 ± 61
301 ± 25
230 ± 21
94 ± 11
263 ± 63
189 ± 42
159 ± 18
118 ± 13
414 ± 82
281 ± 55
249 ± 75
208 ± 69
487 ± 2229
425 ± 130

with at least 3 repetitions for each combination of ﬂow rate and
concentration. Further experiments were conducted using four
diﬀerent commercially available liquids containing sucrose (soft
drinks); see Table 1. These were degassed using a vacuum chamber,
and the pH was adjusted as described previously using KOH.
Viscosity Measurements. The viscosities of the aqueous sugar
and polymeric solutions are measured using a strain-controlled
rheometer (TA ARES G2) with parallel-plate geometry.
Particle Tracking. We use particle tracking velocimetery (PTV) to
measure the average ﬂuid velocities in the channel at diﬀerent pump
ﬂow rates to calibrate the dye tracking technique. The ﬂuid is seeded
with 0.5 μm diameter ﬂuorescent carboxylate microsphere tracer
particles (Invitrogen) at a low seeding density (ϕ = 5 × 10+5 mL−1) to
avoid particle−particle interactions. We image an area of 510 × 20
μm2 (1024 × 40 pixel2) at frame rates between 22.2 and 7.7 Hz
depending on the imposed ﬂow rate. The center of the particles are
identiﬁed to an accuracy of 1/3 of a pixel (0.2 μm). The particle
velocities are then measured as the time derivative of the measured

Figure 2. Experimental data. Examples of observed ﬂuorescent intensity I(x,̅ t) (open circles) plotted as a function of time t for (a) sucrose and (b)
PEG solutions ﬂowing at a speed of u = 35 μm/s. The solute concentration c is indicated next to the data curves. Solid black lines are least-squares
ﬁts to eq 3 with two free parameters: the dye diﬀusivity D and the ﬂow velocity u.
C
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I1)/τ = ΔI/τ of the intensity curve during the sigmoid
transition between the intensity levels I1 and I0 over the time τ
as shown in Figure 1d. The transition time scale τ is naturally
related to the front width a and the ﬂow speed u by τ ≈ a/u.
The front width a(t) increases with time due to molecular
diﬀusion; thus, to a ﬁrst approximation, we can write a(t) ≈ a0
+ (kDt)1/2, where a0 is the initial front width and k is a constant
determined by the channel geometry and the initial conditions.
The front width a becomes several times greater than the initial
value a0 ≈ 10 μm over the course of a few seconds as evidenced
by Figure 1c; hence, in the following we assume that a(t) =
(kDt)1/2. With these assumptions, we arrive at an expression for
the slope S:

RESULTS AND DISCUSSION
Analysis. Figure 2 shows a series of characteristic
ﬂuorescent intensity curves observed in our experiments. The
solute concentration increases from bottom to top. We note the
general trend that increasing the solute concentration leads to
growth in the slope of the intensity curves in the transition
region highlighted by the gray area in Figure 1d. The eﬀect of
increasing the ﬂow velocity is to shift the curves to the left. To
elucidate how the ﬂow speed u, solute concentration c, and
solution viscosity η can be determined from recovery curves as
those shown in Figure 2, we analyze the dynamics of the dye in
the channel. As demonstrated by numerous experimental and
theoretical studies,19,20 there is a strong correlation between the
diﬀusion coeﬃcient D of the dye and the bulk viscosity η of the
solution. For incompressible Newtonian ﬂuids at constant
temperature, the viscosity is determined primarily by the solute
concentration c. With proper viscosity and ﬂow calibration
measurements, quantitative knowledge of the diﬀusivity D will
thus allow us to infer the solute concentration c and the
viscosity η of simple ﬂuids.
The ﬂow speed u and the dye diﬀusivity D are obtained from
our experiments using a single ﬁt to an exact solution of the
advection−diﬀusion equation. To elucidate the dominant
transport mechanisms, however, we begin by giving a scaling
argument demonstrating how u and D are determined. See ref
21 for a more detailed account of nonlinear dispersion
phenomena. Under our experimental conditions, the motion
of dye is approximately one-dimensional and occurs primarily
along the x-direction. This approximation is justiﬁed by
comparing the time scales for diﬀusion in the transverse (y,
z)-plane of the channel τyz = w2/D ≈ 0.1 s with the time scale
for advection along the x-direction τx = S /u ≈ 1−10 s. Here,
S = x ̅ − x0 is the distance between the observation point x̅ and
the laser bleach position x0.
We approximate the ﬂow speed u by

S=

ΔI
ΔI u
ΔI S
=
=
τ
(kDΔt )1/2
(kDΔt )1/2 Δt

Equation 2 allows us to determine the diﬀusivity D in terms of
the slope S and the remaining parameters:
D=

2
2
1 ⎛ ΔI S ⎞
1 ⎛ τS ⎞
⎜
⎟
⎜
⎟
=
k ⎝ SΔt 3/2 ⎠
k ⎝ Δt 3/2 ⎠

(3)

To improve on the estimates for u and D given in eqs 1 and 3,
and to determine the numerical value of the constant k, we
proceed to consider the dye motion as described by the onedimensional advection−diﬀusion equation: ∂tc + u∂xc = D∂x2c.
We assume that the observed intensity I is proportional to the
dye concentration c, in which case the equation of motion for
the ﬂuorescent intensity is
∂tI + u∂xI = D∂x 2I

(4)

We use a step function centered at x = x0 to describe the initial
condition at t = 0, c.f., Figure 1c,
⎧ I0 for x < x0
I(x , t = 0) = ⎨
⎩ I1 for x > x0
⎪

⎪

S
u=
Δt

(2)

(1)

(5)

The solution to eqs 4 and 5 can be found using standard
techniques17 and is given by

where Δt is the time from when the laser is turned oﬀ until the
dye front arrives at x,̅ having traveled the distance S . Assuming
an initially sharp front, the arrival time Δt is the point when the
observed intensity reaches half its maximum value, i.e., when
I(x,̅ Δt) = (I0 + I1)/2, as indicated in Figure 1d.
We proceed to derive an expression for the diﬀusivity D. The
observed apparent value of the diﬀusivity Deff may diﬀer from
the true value D due to Taylor-Aris dispersion, which augments
the dispersion along the ﬂow direction. The origin of the
enhanced spreading is related to velocity variations in the
direction transverse to the mean ﬂow.22−24 Because of this
eﬀect, the observed apparent diﬀusivity Deff is larger than the
true value D by an amount Deff = D(1 + γPe2), where Pe = uh/D
is the Péclet number and the constant γ = 0.0084 for a square
channel.24 Our experiments are performed at Péclet numbers in
the range Pe ≈ 0.1−5, and the observed diﬀusivity can thus be
up to 20% greater than the true value. We correct for this eﬀect
in the subsequent analysis but continue to use the symbol D for
the diﬀusivity corrected for Taylor-Aris dispersion eﬀects. We
note that ballistic dispersion dominates at short times
compared to the transverse diﬀusion time τyz ≈ 0.1 s (see,
e.g., ref 21), but we do not include this explicitly in our analysis.
To elucidate how we deduce the diﬀusivity D from the
experimental data, we consider the characteristic slope S = (I0 −

I(x ̅ , t ) = I1 +

I0 −
2

⎛ S − ut ⎞⎤
I1 ⎡
⎢1 − erf ⎜
⎟⎥
⎢⎣
⎝ (4Dt )1/2 ⎠⎥⎦

(6)

where S = x ̅ − x0 is the distance from the bleach point to the
observation region. From a ﬁt to the experimental data, we can
thus determine the dye diﬀusivity D and ﬂow speed u from a
single ﬂuorescence recovery curve. Our computational
algorithm for analyzing the experimental data used the
fminsearch implementation of the Nelder-Mead unconstrained
nonlinear optimization method in MATLAB (The MathWorks,
Inc., version 2011a). We return brieﬂy to the scaling analysis,
which leads to eq 3. To determine the constant k in eq 3, we
compute the characteristic slope S of the recovery curve from
the exact solution in eq 5 evaluated when the center of the front
is at x = x,̅ i.e., at t = S /u:
S=

∂I
∂t

=
t=S/u

ΔI u
(4πD S /u)1/2

(7)

such that k = 4π.
Comparison between Experiment and Theory. Representative intensity curves obtained in our experiments are
compared to the functional form of eq 6 in Figure 2. Each curve
D
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ﬁt has two free parameters, representing the diﬀusivity D of the
dye and the ﬂow speed u. We ﬁnd good qualitative agreement
between the shape of the observed intensity proﬁles and eq 6.
The ﬂow speed u derived using our method is compared to
results obtained with particle tracking in Figure 3a with

acquisition time s = 41 ms is constant in our experiments, the
number of data points in the transition region N ≈ τ/s
decreases. Second, because we use a point laser to bleach the
ﬂuorescent dye while it is ﬂowing past position x0, we naturally
decrease the laser power deposited in a given ﬂuid volume per
unit time when increasing the ﬂow speed. This implies that, at
high speeds, the relative diﬀerence between the two intensity
levels I0 and I1 will be smaller than those at low speeds where
the time to bleach is longer. Both these circumstances aﬀect the
data ﬁt because they determine how accurately the slope S of
the intensity curve can be measured, c.f., eq 3. Our experiments
suggest that approximately N ≈ 100 data points are needed in
the transition region to determine the diﬀusivity D accurately.
To minimize experimental error in a given application, the laser
scan time s and the observation position x̅ must thus be tailored
accordingly.
We proceed to discuss results obtained at ﬂow speeds at or
below u = 100 μm/s. Figure 4 shows the correlation between
the derived dye diﬀusivity and the solute concentration (panel a
and b) and solution viscosity (panel c). We observe that
increasing the solute concentration and viscosity leads to a
decrease in the dye diﬀusivity. The character of this correlation
has been investigated previously in numerous theoretical and
experimental studies.19,20,26,27 By balancing thermal drift and
viscous drag on the dye molecule, one arrives at the Stokes−
Einstein relation,

Figure 3. Calibration measurements. (a) Flow velocity u determined
by ﬁtting intensity recovery curves to eq 6 (dots) and from particle
tracking experiments (circles) plotted as a function of syringe pump
ﬂow rate Q. (b) Diﬀusivity D determined from ﬁtting intensity
recovery curves to eq 6 plotted as a function of ﬂow velocity u. Solid
and dashed lines show diﬀusivity mean ± standard deviation obtained
at ﬂow speeds less than u = 100 μm/s. The values shown in (a) and
(b) were obtained using a 10% PEG solution. Error bars indicate
standard deviation.

D=

kBT
6πrη

(8)

where kB is Boltzmann’s constant, T is absolute temperature, η
is the bulk viscosity of the solution, and r is the eﬀective
hydrodynamic radius of the dye molecule.19 Equation 8 can be
presumed to be valid when the dye molecules are much larger
than the solvent (water) and solute (sucrose, PEG) molecules,
i.e., when Mdye/Msolvent ≫ 1 and Mdye/Msolute ≫ 1. These
inequalities suggest that the theory may apply to sucrose (Mdye/
Msolvent ≈ 21, Mdye/Msolute ≈ 1.1) but not to PEG (Mdye/Msolvent
≈ 21, Mdye/Msolute ≈ 0.1) where deviations from eq 8 are
expected. Encounters between dye and solute molecules are
rare in this limit, and dye molecules will thus primarily
experience viscous drag from solvent molecules. This implies

excellent correspondence between the two. The diﬀusivity D
obtained with our technique is shown as a function of ﬂow
speed u in Figure 3b. Below the speed u = 100 μm/s, there is
relatively little variation in the inferred diﬀusivity. At higher
velocities, however, both the value of the diﬀusivity and the
uncertainty in the measurement increases rapidly. We attribute
this trend to two eﬀects. First, when the ﬂow speed u increases,
the time τ = a/u for the diﬀusive front of width a to pass
through the detection region decreases. Given that the image

Figure 4. Dye diﬀusivity D determined from ﬁts to eq 6 plotted as a function of solute concentration c for (a) sucrose and (b) PEG solutions. Data
for the pump ﬂow rates 50−300 μL/min are shown. Examples of curve ﬁts are shown in Figure 2. (c) Double logarithmic plot of the normalized
diﬀusivity D/D0 as a function of the solution bulk viscosity η/η0 where the subscript indicates values for pure water. Results for the dilute sucrose
concentrations are in rough accord with Stokes−Einstein relation (D ≈ η−1; see text), while the dye diﬀusivity decays slower (D ≈ η−0.33) for the
PEG solutions. Error bars indicate standard deviation.
E
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that the diﬀusivity D should decay slower as a function of the
bulk viscosity η than predicted by eq 8 when Mdye/Msolute ≪ 1.
To test the predictions of eq 8, we measured the viscosity of
the aqueous solutions using a rheometer with parallel-plate
geometry. The solutions behaved as constant-viscosity Newtonian ﬂuids in the range of shear rates relevant to our
experiments (10−100/s). For the aqueous sucrose solutions,
there is reasonable agreement between the experimental results
and the D ≈ η−1 scaling predicted by eq 8 (see Figure 4c). Note
that the diﬀusivity has been corrected for Taylor-Aris eﬀects.
Small deviations are expected because the criteria for eq 8 are
only approximately satisﬁed. For the aqueous PEG solutions,
we ﬁnd signiﬁcant deviations from eq 8 and estimate that for
this system D ≈ η−0.33. As discussed above, this inconsistency
with the Stokes−Einstein relation is not surprising given the
large diﬀerence in size between the solvent and dye molecules.
For both the PEG and the sucrose solutions, however, we
observe a strong correlation between the dye diﬀusivity and the
solute concentration. This indicates that, with proper
calibration measurements, our technique can be used to
determine the composition and viscosity of an otherwise
unknown liquid ﬂowing in a microﬂuidic channel. To further
demonstrate this, we measured dye diﬀusion in four diﬀerent
commercially available liquids: Coca-Cola, Diet Coca-Cola,
A&W Cream Soda, and Red Bull. These liquids contain sugars
of unknown composition in mass concentrations of 0−12.5%;
see Table 1. The dye diﬀusivities obtained from these liquids
are consistent with values obtained from pure sucrose solutions,
although consistently lower. We attribute this to the presence
of additional solutes, which may eﬀectively increase the
concentration, and to liquid evaporation during degassing.
In summary, our approach provides a reproducible method
for determining the ﬂow velocity u and the dye diﬀusivity D
over a wide range of solutions and channel ﬂow speeds. From
these, we are able to infer solute concentration and liquid
viscosity.
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