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ABSTRACT: To fully realize the potential of microfluidic platforms as useful
diagnostic tools, the devices must be sufficiently portable that they function at the
point-of-care, as well as remote and resource-poor locations. Using both modeling
and experiments, here we develop a standalone fluidic device that is driven by light
and operates without the need for external electrical or mechanical pumps. The
light initiates a photochemical reaction in the solution; the release of chemical
energy from the reaction is transduced into the spontaneous motion of the
surrounding fluid. The generated flow is driven by two simultaneously occurring
mechanisms: solutal buoyancy that controls the motion of the bulk fluid and
diffusioosmosis that regulates motion near the bottom of the chamber.
Consequently, the bulk and surface fluid flows can be directed independently of
one another. We demonstrate that this exceptional degree of spatiotemporal
control provides a new method for autonomously transporting different-sized
particles in opposite directions within the chamber. Thus, one device can be used
to both separate the particles and drive them to different locations for further processing or analysis. This property is particularly
useful for analyzing fluids that contain multiple contaminants or disease agents. Because this system relies on intrinsic hydrodynamic
interactions initiated by a portable, small-scale source of light, the device provides the desired level of mobility vital for the next
generation of functional fluidic platforms.
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1. INTRODUCTION

The advent of standalone and self-powered microfluidic
platforms would permit assays for contaminants or disease
agents to be performed in remote locations and resource-poor
areas and thus enable realization of the full potential of these
diagnostic tools.1−8 To date, however, the majority of
microfluidic devices require electrical input and mechanical
pumps to drive the flow of fluids within the microchambers.9

Such attachments limit the use of these devices at the point-of-
care locations. One potential means of addressing the need for
portability is to use light as the power source that drives the
fluid flow.10−12 The small-scale light source needed for these
applications is easy to transport, adjust to a required intensity,
and turn on and off to manipulate the fluid motion.13 In recent
studies, light was used primarily to generate heat by irradiating
plasmonic nanoparticles or absorptive coatings within the
microchambers and consequently prompt fluid flow through
the mechanism of thermal buoyancy.13,14 If, however, light
could instigate additional mechanisms to drive flow, the
flexibility and utility of the devices would be significantly
enhanced.
Here, we use computational modeling and experimental

studies to devise a light-activated approach that “pumps” fluid

flows without the need for external electrical or mechanical
input. In particular, an external ultraviolet (UV) light source is
used to illuminate a cylindrical region at the center of a
reactant-filled chamber, as shown in Figure 1. The chemical
reactions occur in the illuminated cylindrical region and
generate fluid flow throughout the chamber. The light-driven
pumping occurs via two different mechanisms: solutal
buoyancy15 and diffusioosmosis.16,17 Controlled by a single
light source, the combination of these two mechanisms can
generate two distinct streams of flowing fluid, which can flow
in opposite directions within the chamber. Importantly, this
behavior permits subtle manipulation of cargo submersed into
the solution. Utilizing this approach, we create a system that
enables particles of different sizes to move independently in
different directions within the fluidic chambers. This size-
dependent directionality can be particularly important for
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analyzing solutions that contain multiple impurities or
infectious components.18

The solutal buoyancy mechanism noted above dominates
the behavior of the bulk fluid.19,20 This mechanism is operative
when the volume (and hence density) of the reactants is
different from the volume of the products of a reaction. The
expansion coefficient, βi, quantifies the change in the local
density of the fluid due to the presence of species i. This
variation in the local density gives rise to a force that acts on
the fluid and generates the spontaneous flow of the solution.
When the density of the reactants is greater than the density of
the products, the generated flow is referred to as “inward” flow
or “upward pumping” (Figure 1A). In this case, the less dense,
product-rich fluid rises to the top of the chamber; this behavior
is analogous to the less dense fluid moving upward in the case
of thermal buoyancy. The characteristic convective rolls
culminate in “inward” flows that move toward the illuminated
region along the bottom wall. On the other hand, when the
reactants are less dense than the products, the product-rich
fluid flows “outward”, away from the center of the illuminated
region (Figure 1B). Due to the continuity of the fluid, this flow
eventually recirculates and moves downward from the top of
the channel, as shown in Figure 1B, and hence is also referred
to as “downward pumping”.
For sufficiently slow fluid flows, the distribution of the

chemicals across the domain, along with the fluid density, is
determined not only by βi but also by the relative diffusivities
Di of the chemicals. Moreover, for some combinations of βi
and Di values, the fluid flow eventually changes direction.12,20

As shown here, through the appropriate choice of chemical
reactions, this switch in the directionality of the flow can be
readily realized. These examples illustrate the level of
spatiotemporal control that can be achieved over the flow in
the bulk of the fluid.
Our system also relies on fluid flow directed by

diffusioosmosis, which occurs along a surface in response to
a gradient of chemical species (whether charged or un-
charged). In essence, diffusioosmosis becomes evident near
solid boundaries as the advective transport reduces to zero and
diffusion begins to dominate.

In the studies described below, our system takes advantage
of both the above mechanisms to create distinct flow streams
that can change direction over time and eventually move in
opposite directions within one chamber. To illustrate the
governing principles in our approach, we focus on the
sequential oxidation of alcohols in solution with hydrogen
peroxide (H2O2) under UV irradiation. The light dependence
of this process allows us to focus exclusively on the reactions
occurring within the illuminating beam. Below, we first detail
the kinetics of the chemical reactions considered here. We then
present the results of the computational studies and the
complementary experimental findings, which helped inform
choices made in the computational modeling and confirmed
the results from the simulations.

2. REACTION KINETICS

We specifically focus on the chemical reactions in an aqueous
mixture containing 0.217 M ethanol (C2H5OH) and 0.49 M
hydrogen peroxide (H2O2) in the presence of UV light that
lead to the production of acetic acid21 (CH3COOH). For
numerical simplicity, we neglect fast intermediate reaction
steps and explicitly model the production of acetaldehyde
(CH3CHO), paraldehyde (C6H12O3), and acetic acid
(CH3COOH), which occur by the following steps.

+ → +
k

C H OH H O CH CHO 2H O2 5 2 2
1

3 2 (1a)

3CH CHO C H O
k

k
3 6 12 3

3

2
V

(1b)

+ → +
k

CH CHO H O CH COOH H O3 2 2
4

3 2 (1c)

In the first equation (eq 1a), k1 is the rate constant that
accounts for transformations of ethanol and hydrogen peroxide
into acetaldehyde. We assume that this constant already
includes the effect of the UV light, which enables the
photolysis of hydrogen peroxide (H2O2) into two hydroxyl
radicals (OH) and the subsequent reaction with ethanol
(C2H5OH).

22 The nuclear magnetic resonance (NMR) spectra
obtained in the experiments indicate the presence of
paraldehyde, a denser cyclic trimer of acetaldehyde (see
Section 4 and Supporting Information Table S1), which plays
the main role in developing the directionality of the buoyancy-
driven flows. Therefore, we explicitly model the chemical
equilibrium (eq 1b) controlled by the rate constants k2 and k3
that account for the oligomerization of acetaldehyde to
paraldehyde and reverse deoligomerization of paraldehyde to
acetaldehyde. In the final step (eq 1c), the rate constant k4
accounts for the formation of acetic acid from the reaction
between acetaldehyde and hydrogen peroxide.
To describe the transformations of the chemicals that

participate in eqs 1a, 1b, and 1c, we use the following kinetic
equations

[ ]
= − [ ][ ]

t
k

d C H OH
d

C H OH H O2 5
1 2 5 2 2 (2a)

=− [ ][ ] − [ ][ ][ ] k kC H OH H O CH CHO H O
t

d H O
d 1 2 5 2 2 4 3 2 2
2 2

(2b)

Figure 1. Schematic of convective fluid motion (marked by the blue
arrows in the contour lines) driven by the photothermal and
photochemical effects. These processes occur in the region exposed to
the beam of the UV light (marked by the red cylindrical region). (A)
Convective fluid motion is upward in the illuminated region (toward
the center of the chamber at the bottom surface) and fluid flow
directed by diffusioosmosis at the bottom surface (black arrows)
drives the tracer particles (red spheres) in the direction opposite to
the convective fluid flow (blue contour lines). (B) Convective fluid
motion is downward in the illuminated region (away from the center
at the bottom surface) and fluid flow directed by diffusioosmosis at
the bottom surface drives the tracer particles toward the center of the
illuminated region.
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[ ]
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t
k

d CH COOH
d

CH CHO H O3
4 3 2 2 (2e)

The chemical species consumed and produced during the
reactions in eqs 1a, 1b, and 1c yield different solutal volumes
and, therefore, alter the local density of fluid. Below, we
describe our model for the resultant solutal buoyancy effects.

3. COMPUTATIONAL MODEL
3.1. Solutal Buoyancy. The local density changes in the

fluid due to the presence of paraldehyde, acetaldehyde, and
acetic acid give rise to the solutal buoyancy mechanism, which
is important for pumping the fluid within the column of light.
We begin by considering the fluid pumping of the bulk
solution. For compactness, we denote the reactants C2H5OH,
H2O2, CH3CHO, C6H12O3, and CH3COOH by the indexes i =
1, ..., NC, with NC = 5. The local variations in the density ρ(r,t)
of the aqueous solution that occur at the coordinate r = (x,y,z)
and time t in response to changes in the concentrations Ci(r,t)
of NC reactants can be approximated as ρ βΔρ = ∑t Cr( , ) i

N
i i0

C ,

where ρ0 is the solvent density, and β =
ρ

ρ∂
∂i C

1

i0
are the

corresponding solutal expansion coefficients. Since the temper-
ature changes due to the chemical reactions considered here
are small and the thermal expansion coefficients are
significantly smaller than the solutal expansion coefficients,
we ignored the effect of the thermal buoyancy.
The density variations in the solution give rise to a buoyancy

force per unit volume Fb = gρ0∑βiCi, where g is the
gravitational acceleration. This buoyancy force generates the
fluid motion characterized by the velocity u(ux,uy,uz).
To simulate the chemical transformations (eqs 2a, 2b, 2c,

2d, and 2e), their transport, and the resulting fluid motion, we
use a rectangular domain of dimensions Ω = {(x,y,z):−L/2 ≤
x,z ≤ L/2, 0 ≤ y ≤ H}. The domain is illuminated from below
by the UV light with a beam of the radius R focused at the
center of the domain (Figure 1). Following the experimental
geometry, we choose a fluidic domain of size L × H × L with
horizontal dimension L = 13 mm, height H = 2 mm, and radius
of the UV light beam R = 2 mm. We assume that the intensity
of the light is uniform over the cross section of the beam,
which promotes the chemical reactions given in eqs 1a, 1b, and
1c. The fluid motion and the dynamics of the dissolved
chemicals Ci are described by the continuity, Navier−Stokes
(in the Boussinesq approximation23), and reaction-diffusion
equations

∇· =u 0 (3)

∑
ρ

ν β∂
∂

+ ·∇ = − ∇ + ∇ +
t

p C
u

u u u g( )
1

i i
0

2

(4)

∂
∂

+ ·∇ = ∇ ±
C
t

C D C Q f ru( ) ( )i
i i i i

2
(5)

Here, ν is the kinematic viscosity of the fluid, ∇ is the spatial
gradient operator, Di are the diffusivities of the reactants i = 1,

..., NC, and Qi are the reaction rate terms given by the right-
hand sides of eqs 2a, 2b, 2c, 2d, and 2e. We assume that the
chemical reactions occur in the region of the domain exposed
to the beam of the UV light with the radius R and described by
the function

=
+ ≤ < <

f x y z
x z R y H

( , , )
1,

0,
if ( ) ; 0

otherwise

2 2 2l
moo
n
oo (6)

We use no-slip boundary conditions for fluid velocities and
impose no chemical flux across the walls of the domain

{ } = − =
∂
∂

=

= =
∂
∂

=

x z L L
C
n

y H
C
n

u

u

, /2, /2: 0, 0

0, : 0, 0

i

i

Here, n is the unit normal vector at walls pointing into the fluid
domain.
We numerically solve eqs 3 and 4 using the lattice

Boltzmann method for fluid dynamics. The reaction-diffusion
equation (eq 5) is solved using a finite-difference method.
Here, considering the symmetry of the problem, we choose a
computational domain of size 53Δx × 53Δx × 9Δx, where Δx
is taken to be 250 μm.
The diffusivities Di and expansion coefficients βi for the

reactants i = 1, ..., NC (C2H5OH, H2O2, CH3CHO, C6H12O3,
and CH3COOH) participating in the reactions in eqs 1a, 1b,
and 1c, are provided in the Supporting Information Table S1.
The reaction rate constants used in the simulations were
calibrated to reproduce the experimental observations and thus
were set to k1 = 2.5 × 10−5 s−1 M−1, k2 = 5.2 × 10−4 s−1, k3 =
k2/15, and k4 = 6.25 × 10−4 s−1 M−1. (Note that our rate
constants kj implicitly include the fact that the reactions occur
only in the central region described by the function f(r) in eq
6.)
As indicated further below, the above rate constants allowed

us to reproduce the experimentally observed values of the
chemical concentrations ∫⟨ ⟩ =C C t dr r( , )i L H i

1
2 , averaged over

the hybridization chamber, and fluid velocity u(x,y,z,t),
measured at the position x = 0.75 mm, y = 0.5 mm, and z =
0 mm.

3.2. Diffusioosmosis. While the bulk solution is driven by
solutal buoyancy effects, fluid near the surface is directed by
diffusioosmosis.17 In this case, the relevant species are the
dissociation products of acetic acid (acetate and hydrogen
ions). For solutions of symmetrically charged binary electro-
lytes, the fluid velocity generated along the wall by
diffusioosmosis can be presented as24,25

γ

γ β ζ ζ β

=

= + [ − − ]ε

∇

πη

||

( )
( )u ,

1 2(1 )

C
C

k T
Ze

S

4 O
1
8

2
O
2B

(7)

Here, ∇||C denotes the concentration gradient parallel to the
wall; ε = 4πε0εr, where ε0 = 8.85 × 10−12 C V−1 m−1 is the
vacuum permittivity and εr = 80 is the relative permittivity of
water. η = 8.94 × 10−4 kg m−1 s−1 is the dynamic viscosity of
water. ζ = −43 mV is the zeta potential of the surface. e = 1.6 ×
10−19 C is the elementary charge and Z = 1 is the electrolyte
valence. kB = 1.38 × 10−23 J K−1 is the Boltzmann constant and
T = 293 K is the absolute temperature. βO = (D+ − D−)/(D+ +
D−), where D+ and D− are the diffusivities of the positive and
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negative ions, respectively. Assuming that acetic acid
dissociates into the acetate and a hydrogen ion CH3COOH
⇌ CH3CO2

− + H+, we calculate βO = 0.795, where the
diffusivities of positive and negative ions are set to D+ = DH

+ =
8.66 × 10−9 m2/s and D− = DCH3CO2

− ≈ DCH3COOH = 0.989 ×
10−9 m2/s, respectively. Given the higher diffusivity of the
hydrogen ion, the electric field points inward. Provided a
negatively charged surface, the near-surface flow should also be
directed inward, opposite to the direction of bulk flow. (In the
case of a positively charged surface, the near-surface flow
would shift to outward.)
To analyze the details of the fluid flows and particle

dynamics near the bottom wall, we develop a two-dimensional
(2D) lubrication model,26−28 which is detailed within the
Supporting Information. In particular, we use the fact that the
fluid velocities were experimentally observed to be slow, that is,
u ∼ 10−6 m/s, and treat the problem in the limit of a small
Reynolds number ( = ∼

ν
−Re 10Lu 3 for L ∼ 10−3 m, v ∼ 10−6

m2/s). In this model, we use the diffusive time scale τ = H2/D2;
the expansion coefficients and reagent diffusivities are taken
from Table S1. The reaction rate constants in the 2D
simulations are set to k1 = 2.5 × 10−5 s−1 M−1, k2 = 5.2 ×
10−4 s−1, k2 = 5.2 × 10−4 s−1, and k4 = 6.25 × 10−4 s−1 M−1 and
are different from the values used for 3D simulations above
due to changes in the geometry of the illuminated region,
which in the case of 2D system is infinitely extended along the
z-direction.

4. EXPERIMENTAL APPROACH
The experimental setup was designed to match the system described
above, with the exception that the domain was circular (height = 2
mm, diameter = 13 mm) rather than square. An aqueous solution of
C2H5OH (0.217 M) and H2O2 (0.49 M) was added to the chamber
and irradiated with a beam of UV light having a diameter of 2 mm and
an intensity of 780 mW/cm2. In a typical experiment, the motion of
suspended tracer particles (3 μm carboxylate-functionalized poly-
styrene) was observed at one-quarter of the chamber height (500 μm)
and seen to briefly move toward the illuminated center before
changing direction after approximately 90 s (Supporting Information
Video 1). The in-plane velocities over time are denoted by the
markers in Figure 2B and are seen to match closely with the
computational values.
The reaction products were characterized and monitored by a

combination of 1H and 13C NMR spectroscopy. From these spectra, it
was evident that acetaldehyde, paraldehyde, and acetic acid were
being produced (Figures S1−S3). The exact concentration of these
species could be determined by adding sodium trimethylsilylpropa-
nesulfonate (DSS) as a reference standard (Figure 2A). Importantly,
no reaction was observed without UV light or without hydrogen
peroxide.
The production of acetic acid was further confirmed by a sharp

decrease in pH over time (Figure S4). A commensurate decrease also
occurred when acetaldehyde was used as the starting material in place
of ethanol. For comparison, isopropyl alcohol was tested under these
same conditions and the pH did not vary from its initial value. It also
did not promote downward pumping, and instead, the solution moved
upward. This result speaks to the need for primary alcohols to drive
downward pumping in the manner described. Secondary alcohols
react to yield ketones; unlike aldehydes, ketones are resistant to
further oxidation. A suite of other analytes was tested to support this
assertion; the results of these tests are given in Table 1. To confirm
that the reversal was due to density, another experiment was
performed with 150 mM sodium sulfate in order to quench any
electrokinetic effects (Figure S5). Glycerol was used for this
experiment since it demonstrated the highest downward pumping
rate. The flow reversal occurred despite the addition of salt. Note that

the oxidation reactions are exothermic, thereby ruling out cooling as
the source of downward pumping. More detailed experimental details
are provided in the Supporting Information.

We used the above computational and experimental approaches to
generate Figure 2, which provides a comparison of the results from
the simulations and the experiments. The experimental data is
indicated by the symbols in Figure 2A,B, while the simulation data for
the corresponding values of the chemical concentrations, ⟨Ci(r,t)⟩,
and flow velocities, u(r,t), are indicated by the solid lines. Notably, the
computational values match closely with the experimental values.
Moreover, both the computational and experimental data reveal a
change in the sign of the velocity (Figure 2B), indicating that the fluid
flow changes direction with time. In particular, the plots indicate that
the movement of the fluid eventually changes from inward (positive
u) to outward (negative u) flow. Using this experimentally validated
model, we obtained the results described in the following section.

Figure 2. Experimental (markers) and simulation (lines) results for
the system of ethanol (0.217 M) and hydrogen peroxide (0.49 M)
under irradiation by UV light. (A) Concentration of reaction products
over time as determined by NMR. (B) The velocity of 3 μm
polystyrene tracer particles was measured at one-quarter of the cell
height and 700 μm from the flow center. Negative values denote
outward motion resulting from the observed downward convection.

Table 1. Observed Pumping Rates of a Suite of Tested
Compoundsa

compound rate (μm/s)

glycerol −6.4 ± 0.6
methanol −4.5 ± 0.3
formaldehyde 7.0 ± 0.6
formic acid (pH 2) 5.4 ± 0.4
ethanol −4.3 ± 0.3
acetaldehyde 5.7 ± 0.4
acetic acid 4.6 ± 0.5
isopropanol 4.9 ± 0.4
H2O2 7.2 ± 0.6

aDownward pumping is denoted by negative values. The concen-
tration of each compound was 0.217 M and hydrogen peroxide was
kept at 0.49 M for each. The H2O2 only trial had a concentration 0.49
M. The rates were monitored at 500 μm above the surface by
observing 3 μm polystyrene-carboxylate tracer particles.
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5. RESULTS AND DISCUSSION
5.1. Evolution of Buoyancy-Driven Flow. The light-

activated chemical reactions in the center of the domain (eqs
1a, 1b, and 1c) enable the chemomechanical transduction that
ultimately leads to the fluid motion. In particular, the
heterogeneous chemical composition of the solution generated
by the reactions gives rise to the transport of the reactants in
the radial direction. Importantly, both the computational and
experimental data indicate that the fluid flow changes direction
with time (Figure 2B), moving from an initially inward flow to
an eventually outward flow.
The chemical fluxes Ji = Di∇Ci + uCi that enable the

transport include the respective diffusive and advective
contributions. For sufficiently slow fluid flows, the advection
can be neglected and the distribution of the chemicals across
the domain, along with the fluid density, is determined by the
relative diffusivities Di of the chemicals. In this case, the
direction of the fluid flow is determined20 by specific
combinations of the diffusivities Di and expansion coefficients
βi of the participating reactants i. The underlying mechanism
of the flow reversal is the change in the sign of density variation

ρ βΔρ = ∑t Cr( , ) i
N

i i0
C over time. During the chemical

reactions, if the sign of the density variation, Δρ(r,t), at the
center of domain changes from positive (denser fluid) to
negative (lighter fluid), then the direction of the fluid flow
changes direction from outward to inward flow. Prior studies20

revealed that depending on the relative diffusivity δ = DP/DR
and expansion coefficient β = βP/βR of the products and
reactants in the solution, the fluid flow can change direction
over time. Here, DP and DR are the average diffusivities and βP
and βR are the average expansion coefficients of products and
reactants, respectively (see Table S2). In particular,20 the
inward fluid motion at early times turns to outward motion at
later times when δ < 1 and δ < β. Similarly, when δ > 1 and δ >
β, the flow reversal occurs from the outward flow at early times
to inward motion at later time moments.
We use parameters from Table S2 to calculate average

diffusivities and expansion coefficients for the chemical

solution before and after the chemical reactions listed in eqs
1a, 1b, and 1c. Therefore, for the corresponding relative
diffusivity and the expansion coefficient (δ = 0.75 and β = 3.8),
we anticipate that the flow reverses from the inward to outward
direction. This behavior is indeed seen in Figure 2B.
Numerical solution of eqs 3−5 yields the evolution of the

chemical products generated through reactions in eqs 1a, 1b,
and 1c. The left panels in Figure 3 show the concentrations for
paraldehyde, acetaldehyde, and acetic acid (in green, blue, and
red, respectively) calculated along the section y = 0.5 mm and
z = 0 for three different times. The corresponding densities of
the chemical solution for the same times are shown on the
right panels in Figure 3. Figure 4 displays details of the fluid
flow generated by the density distributions presented in the
right panel in Figure 3.
At early times (1 min after the start of the reaction), the

chemical solution has a lower density in the central region, as
shown on the right panel in Figure 3A. The resulting buoyancy
force drives the fluid upward in the central region and toward
the center along the bottom wall, as shown in Figure 4. At late
times (>2.5 min), the distribution of the chemicals along the
chamber changes (left panel in Figure 3) and the solution
becomes denser in the center of the domain (corresponding
right panels in Figure 3B,C). As a result, the fluid flow changes
direction and shows outward motion away from the irradiated
central region (Figure 4B,C). In both experiment and
simulations, the flow reversal from inward to outward motion
occurred around 2 min after the start of the reaction. The
dynamics of the reagent concentrations ci(t,x) (not shown)
and related fluid density are qualitatively similar to those
presented in Figure 3.

5.2. Contributions from Different Mechanisms of
Induced Flow. Our 2D lubrication model26−28 (detailed in
the Supporting Information) allows us to further validate the
above predictions from the 3D computer simulations and gain
additional insights into the fluid dynamics near the bottom
wall. While this lubrication model is a more coarse-grained
approach (see Section 3.2) than our computational method

Figure 3. Changes in the chemical compositions and density of the solution with time. Left panels show the chemical concentrations along the
section y = 0.5 mm and z = 0 for three different instances of time. Right panels show the corresponding variations in the density of the solution

ρ βΔρ = ∑t Cr( , ) i
N

i i0
C along the same section.
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described in Section 3.1, it explicitly includes the effect of
diffusioosmotic flow through the slip boundary conditions at
the bottom wall. Hence, this lubrication model explicitly takes
into account the net effects of both solutal buoyancy and
diffusioosmosis. Using this model, we calculated the net flow
velocities near the bottom wall (see the Supporting
Information). These results (Figure 5) also indicate the
reversal of the fluid flow due to the chemical reactions
promoted by the UV light in the central region of the chamber
and thus confirm the predictions from the simulations

described above. In particular, the plots show that at early
times, the flow in the central region (x ≈ 0) is inward, while at
later times, the flow is outward.
Through the lubrication model, we can calculate the relative

contributions from the buoyancy-driven flow (green lines) and
diffusioosmotic flow (red line) to the generated fluid flow
(blue lines). Figure 6A−C shows that while buoyancy-driven
flow changes direction with time, the flow due to
diffusioosmotic remains directed toward the center near the
bottom wall. The net horizontal flow, u, given by eq S6 is
plotted in Figure 6C. The details of the flow close to the
bottom wall are shown in Figure 6D. Near the wall, the flow is
dominated by the diffusioosmosis and directed toward the
illuminated center, while further from the wall, the flow is
dominated by the solutal buoyancy, and the flow points away
from the illuminated center at late times, as predicted by the
ratios of the diffusivities and expansion coefficients (i.e., δ =
0.75 and β = 3.8). As discussed below, these findings are
corroborated through the experimental studies and yield a
novel mechanism for controlling the trafficking of different-
sized particles in the chamber.

5.3. Experiments to Probe Behavior Near the Surface.
To complement and validate our modeling studies, we
performed the following experiments to test the near-surface
effects. We used a solution containing glycerol since this
system demonstrated the strongest downward pumping (Table
1) and, like ethanol, produced acid products (pH 7.4 ± 0.03 to
3.87 ± 0.07 after 1 h). In agreement with theoretical
predictions, tracer particles along the surface migrated inward,
opposite to the direction of the bulk flow (Supporting
Information Video 2). To confirm that this motion was
derived from diffusioosmosis, a cationic surfactant (0.1 mM
cetyltrimethylammonium bromide, CTAB) was added to the
solution to change the sign of the surface charge. In particular,
with the addition of CTAB, the zeta potential changed from
−35 ± 4 to +43 ± 5 mV. The direction of particle motion
along the surface switched from inward to outward, reflecting
the change in near-surface fluid transport, as anticipated from
the model. We note that the related phenomenon,
diffusiophoresis, would cause the tracer particles to exhibit
the opposite behavior to that observed. The polystyrene
carboxylate particles used in these experiments have a negative
surface charge and would therefore move outward if this were
the dominant effect. This is true as long as the cationic product
has a higher diffusivity than its counterion.
In a similar manner, fluid pumping could be directed

upward, while near-surface flows moved outward. This was
accomplished by performing the experiment with acetaldehyde,
H2O2, and CTAB. Under UV irradiation, a solution of
acetaldehyde and H2O2 will pump upward (Table 1) while
still yielding acetic acid (Figure S4). Diffusioosmosis will occur
due to the acid product, and given the addition of CTAB, this
flow will be directed outward against the pumping direction of
the bulk. This is demonstrated by the smaller particles (10 μm
polystyrene-carboxylate) in Supporting Information Video 3.
In contrast to the ethanol system, the bulk pumping direction,
in this case, is upward. This is mainly due to the difference in
the local production of paraldehyde in these two systems. The
local production of paraldehyde in the ethanol system is a key
factor for the increase of the local density that drives the
downward pumping of the fluid. In the acetaldehyde system,
however, paraldehyde is already present in equilibrium with

Figure 4. Fluid flow reversal resulting from the chemical reaction of
ethanol and hydrogen peroxide promoted by the UV light. (A) At
early time, 1 min, the fluid flows upward in the center of the irradiated
region (−1 mm ≤ x ≤ 1 mm). (B,C) The fluid flows downward at 5
(B) and 25 min (C). Black arrows indicate the direction and
magnitude of the fluid flow, and the color bar indicates the
concentration of acetic acid (CH3COOH) in the solution. The flow
structure is shown in the right half (x ≥ 0) of the domain for the cross
section at z = 0.

Figure 5. Fluid flow reversal in 2D lubrication approximation. The
inward flow in the central region at early times turns into the outward
flow at later times. Panels from top to bottom show a sequence of
flow structures as time increases. Arrows indicate local flow directions.
The scale H = 2 mm.
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acetaldehyde and does not contribute to the local density
change.
These experiments yield two important findings. First, they

demonstrate a method to promote directed pumping, and
second, they establish a means to affect the direction of
multiple flow regimes independently of one another. Both
these properties enable the application described below.
Due to the narrow region over which diffusioosmosis

dominates, the direction of settled tracer particles exhibit size-
dependent behavior. The image in Figure 6E reveals how the
above behavior can be used to regulate size-dependent motion
of particles immersed in the solution. Namely, the calculations
predict that the dynamics of sufficiently small particles (yellow
in Figure 6E) is dominated by diffusioosmosis, while larger
particles (blue in Figure 6E) are dragged by buoyancy-driven
convection. When the bulk solution and near-surface flows are
opposite of one another, the direction of particle migration
relies on the relative contribution of the two flows to the
particle drag. In the system with acetaldehyde, H2O2, and
CTAB, large particles effectively feel the bulk flows to a greater
extent and hence move inward, in accordance with the bulk
fluid pumping. Smaller particles are instead subject to near-
surface flows and continue to move outward against the
direction of bulk pumping (Supporting Information Video 3),
as shown in Figure 7. In this example, 10 and 20 μm
carboxylate-functionalized polystyrene particles were observed

to migrate in opposite directions on the bottom surface of the
chamber.
It is important to acknowledge the particle size and charge

dependence in diffusiophoresis. It has been shown that size will

Figure 6. Structure of the net fluid flow (blue lines) that includes convective (green) and diffusioosmotic (red) contributions. (A) Schematic
composition of the net flow (blue) at an early time before the flow reversal. (B) Schematic composition of the net flow (blue) at a later time after
the reversal. (C) Flow profile u(x,y,t) given by eq S15 for x = 0.75 mm and t = 15 min. (D) Details of the fluid flow near the bottom wall. The flow
is dominated by the diffusioosmotic contribution (red arrows for y < 0.0025 mm) next to the wall. Further from the wall, the flow is dominated by
the solutal buoyancy convection (blue arrows for y > 0.0025 mm). (E) Sufficiently small particles (yellow) are dragged by the diffusioosmotic flow
to the left, while large particles (blue) are controlled by the fluid drag imposed by the buoyancy-driven flow.

Figure 7. Surface migration of 10 and 20 μm tracer particles during
the upward pumping of acetaldehyde/H2O2 solution with added
CTAB under irradiation. The red tails represent the motion of 20 μm
particles as they move inward toward the irradiation center. Blue tails
are of the 10 μm tracer particles moving outward, responding to near
surface gradients (see Video S3). Due to the high concentration of
CTAB, there is significant sticking at a short time scale near the
surface. Scale bar = 200 μm.
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affect diffusiophoretic mobility but only if the Debye layer is
comparable to the size of the particle,29−31 which is unlikely for
10−20 μm particles. Diffusiophoresis also depends on surface
charge. The addition of CTAB changes the sign of the zeta
potential for the particles (from −32 ± 1 to +38.8 ± 0.4 mV).
Thus, if diffusiophoresis dominated over diffusioosmosis, we
would expect the 10 μm particles to migrate inward rather than
outward.

6. CONCLUSIONS

Combining modeling and experiments, we developed a
microfluidic platform that spontaneously generates self-
sustained fluid flow and simultaneously exhibits autonomous
control over the directionality of the generated flow. A light
source is used to initiate photochemical reactions in the
chamber; the release of chemical energy from the reactions is
transduced into the motion of the surrounding fluid. Hence,
the device exhibits a form of photochemo-mechanical
transduction that enables it to operate in a standalone fashion,
without the need for external electrical or mechanical pumps.
The directionality of the flows is controlled by two inherent

hydrodynamic mechanisms, which are operative in different
portions of the chamber. The flow in the bulk of the fluid is
driven by solutal buoyancy; the directionality of the bulk flow
depends on the relative diffusivity δ = DP/DR and expansion
coefficient β = βP/βR of the products and reactants in the
solution. With the appropriate choice of reactants, the flow
changes direction with time, and this behavior is robust for a
wide number of systems. The magnitude of the bulk fluid flow
driven by solutal buoyancy is controlled by the dimensionless

Grashof number, = β

ν

∑
Gr

g CHi i i
3

2 , and Rayleigh number,

= β
ν

∑
Ra

g CH

D
i i i

3

1
, where D1 is the diffusivity of the reactant 1.

The typical Grashof and Rayleigh numbers corresponding to
the maximal fluid velocity (Figure 4C) are 3.5 and 2470,
respectively. The flow velocities can be increased by either
using chemicals with higher expansion coefficients, increasing
the height of the chamber or increasing the initial
concentration of chemicals.
The flow at the surface is driven by diffusioosmosis, which

occurs along a charged surface as a result of unequal
diffusivities within a gradient of ionic species. The direction-
ality of this flow can be changed dynamically through the
addition of reagents that modify the surface charge. We note
that the contribution of the diffusioosmosis to the net flow is 1
order of magnitude (0.1 μm/s) smaller than the bulk fluid flow
(4 μm/s), as determined both numerically and experimentally.
The flow velocities due to diffusioosmosis can be increased by
increasing the zeta potential of the bottom surface or
increasing the concentration gradients of the ions. Hence, by
harnessing both solutal buoyancy and diffusioosmosis, we can
direct the bulk and surface fluid flows independently of one
another. We demonstrated that this novel interfacial behavior
provides a new mechanism for directing the transport of
different-sized particles along opposite directions. Thus, one
device can be used to both separate the particles and drive
them to different locations for further processing or analysis.
This property is particularly useful for analyzing fluids that
contain multiple particulate types or pathogens. Because this
fluidic platform relies on intrinsic hydrodynamic interactions
that are initiated by a portable, small-scale source of light, the

device is highly mobile. Consequently, it can be used at the
point-of-care as well as in resource-poor or remote locations.
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