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Hydrogel could serve as a matrix material of new classes of solar cells and

photoreactors with embedded microfluidic networks. These devices mimic the

structure and function of plant leaves, which are a natural soft matter based

microfluidic system. These unusual microfluidic-hydrogel devices with fluid-

penetrable medium operate on the basis of convective-diffusive mechanism, where

the liquid is transported between the non-connected channels via molecular perme-

ation through the hydrogel. We define three key designs of such hydrogel devices,

having linear, T-shaped, and branched channels and report results of numerical

simulation of the process of their infusion with solute carried by the incoming fluid.

The computational procedure takes into account both pressure-driven convection

and concentration gradient-driven diffusion in the permeable gel matrix. We define

the criteria for evaluation of the fluid infusion rate, uniformity, solute loss by out-

flow and overall performance. The T-shaped channel network was identified as the

most efficient one and was improved further by investigating the effect of the

channel-end secondary branches. Our parallel experimental data on the pattern of

solute infusions are in excellent agreement with the simulation. These network

designs can be applied to a broad range of novel microfluidic materials and soft mat-

ter devices with distributed microchannel networks. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4978617]

I. INTRODUCTION

Microfluidic systems embedded in soft porous media are a promising platform for applica-

tions such as flow reactors, drug delivery, bioscaffolds, and energy harvesting devices. The

permeable channel walls or porous plugs in these microfluidic systems enable a broad range of

functions that cannot be realized in conventional microfluidic devices with non-permeable

materials. Many of these devices with permeable walls have hierarchical channel structure,

where the interconnected microchannels or nanochannels in the porous material enable selec-

tive transport of gases and liquids or enhanced mixing by splitting and recombining incoming

flows.1–4 Additionally, the high surface area of the porous media could be used to host reac-

tion sites when the pore surfaces are functionalized, or the porous network is made of an

active material itself.3,5–8 The porous sections can also act as filters, whose pore size can be

tuned depending on the composition of the porous materials, the preparation process, or the

external stimuli.3,9–13

A hydrogel can serve as a novel medium for such microfluidic devices due to its high per-

meability and biocompatibility.14,15 Hydrogel based microfluidic systems for tissue engineering

have been first reported by Stroock et al.16,17 The solutes are supplied via a rapid convective
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transport along the microfluidic channels embedded in hydrogels, whereas diffusion by concen-

tration gradient is the dominant driving force for their delivery in the porous hydrogel. We

have used the hydrogel-microfluidic matrices in demonstrating new classes of energy harvesting

devices such as photoreactors18 and regenerable solar cells19 where gel-microfluidic network

provides for a uniform and efficient supply and removal of reagents (Fig. 1). These devices

mimic the structure and function of plant leaves, which are a natural hydrogel-like microfluidic

system. The interdigitated channel design that we used is a rudimentary mimic of biological

structures such as leaf venation network and blood vessel embedded tissue. The pressure gradi-

ent between the interdigitated source and drain channels drives the solute transport by convec-

tive flow in the channels, as well as diffusion of solutes in the gel media. The combination of

these two transport mechanisms in the hydrogel-based microfluidic photoreactor and solar cell

allowed supplying the dissolved reactants or light harvesting dye molecules rapidly and uni-

formly throughout the porous hydrogel media.

The transport processes within such biomimetic devices are still incompletely understood,

and the concrete principles of achieving efficient and directed solute transport and distribution

within their cores are not established. Parametric criteria need to be defined to evaluate the

efficiency of various channel designs in a particular application. Numerical simulations, where

both convection and diffusion in porous media are taken into account, could help us gain a

better understanding of the solute transport in new devices and identify the best channel struc-

ture for achieving the desired mass-transport goals. Here, we first present a simulation study

comparing the fluid flows in various designs of hydrogel-microfluidic devices for efficient

FIG. 1. (a) A photograph of a prototype of the hydrogel-based microfluidic photoreactor with interdigitated branched chan-

nels. (b) Image of a typical pattern of dye infusion into the microfluidic hydrogel. (c) Subsequent image illustrating the pho-

tocatalytic degradation of the infused dye in the TiO2 embedded hydrogel reactor. Reproduced with permission from Koo

and Velev, J. Mater. Chem. A 1, 11106 (2013). Copyright 2013 Royal Society of Chemistry.18 (d) A schematic of hydrogel

photovoltaics with microfluidic supply-replenishment network. The inset on the right displays the cross section view across

the dotted yellow line. The red arrows indicate the lateral diffusive/convective transport between the source channels and

drain channels. Reproduced with permission from Koo and Velev, Sci. Rep. 3, 2357 (2013). Copyright 2013 Nature

Publishing Group.19
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solute transport. Numerical criteria are defined to quantitatively evaluate how rapidly and effi-

ciently (i.e., with minimum outflow loss), the solutes are transported in the channel designs.

We first investigate how the parameters of basic interdigitated channels with a linear channel

shape affect the solute supply. We then compare the T-shaped and branched channels to the

linear channels to examine the effect of secondary channels branching off the primary ones.

The relative dimensions of the channel designs are evaluated for a more efficient and uniform

solute supply based on the efficiency criteria obtained from the simulations. Experimental

results are compared with the model data to confirm the validity of the simulation procedure

established in this report. The results establish the design routes of microfluidic systems based

on other general porous media.

II. METHODS

A. Designs of the microfluidic channels embedded in hydrogel and numerical

simulation

The goal of this study is to identify which simple channel designs make possible, rapid and

efficient solute supply with minimum loss. The interdigitated channel structure is broadly simi-

lar to blood distribution in live tissues. The source and drain channels and the microscopic

open pores are broadly analogous to arteries, veins, and capillaries, respectively. We previously

reported that the channel interdigitation could enable a rapid and uniform solute supply.19 The

numerical modelling of the solute distribution in porous gel devices with microfluidic channels

was performed by using COMSOL Multiphysics simulation package (ver. 3.5, COMSOL Inc.,

Burlington, MA). The first straightforward design is the 2-D interdigitated channel structure

shown in Scheme 1(a), which includes two source channels and three drain channels. We define

the region covered with a porous gel as an “active area” where the solutes will be transported,

adsorbed, catalysed, or subjected to other processing. Solute coverage and delivery efficiency

(defined further down) are calculated within this area for parametric evaluation of the overall

channel design characteristics. Its dimension is 2 cm� 3 cm. The channel width is 500 lm, and

the gap between the channels is fixed by 0.3 cm. The channel length, L, is varied between

1.5 cm and 2.95 cm. The model follows how solutions are injected from the inlet, flow through

the channel-embedded porous gel and drain to the outlet, driven by pressure difference between

the inlet and the outlet. The transport of the solute is governed by combined convection and

SCHEME 1. (a) A linear microfluidic design for finite element calculations. The light-green coloured domain has transport

properties of porous hydrogel. The rectangle enclosed by the dotted lines indicates “active area” where solutes are targeted

to be supplied. The uniformity of solute concentration and the efficiency of the device are evaluated within this area. (b)

Three representative designs of porous microfluidic channels compared in this study (not drawn to scale).
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diffusion, the effect of both of which is captured by the following equation for convective-

diffusive transport:

dc

dt
¼ �~v � rcþ Dr � rc; (1)

where c is the concentration of solute, D is the diffusion coefficient of the solute (3� 10�10

m2/s, which is of the same order of magnitude as the value of large dye molecules in the litera-

ture,20 and ~v is the velocity of fluid. The first and the second terms describe the mass fluxes

driven by convection and diffusion, respectively. To calculate the velocity profiles of fluid

determining the first term for the transport by convection, we used two different equations;

Brinkman equation for the flow in the porous gel region (Eq. (2), green coloured area in

Scheme 1(a)) and Navier-Stokes equation (Eq. (3)) for the flow in the channels.

g
k
~v ¼ r � �~p þ g

ep
r~v þ r~vð ÞT
� �� �

; (2)

q~v � r~v ¼ r � �~p þ g r~v þ ðr~vÞT
� �n o

; (3)

r �~v ¼ 0 in all meda; (4)

where g is the viscosity of the solution (1� 10�3 Pa s), q is its density (1� 103 kg/m3), k is the

permeability of porous hydrogel (5.4� 10�16 m2 for agarose hydrogel21), and ep is the gel

porosity (0.98 for 2 wt. % agarose hydrogel21). The inlet boundary conditions are a constant

pressure of 7� 103 Pa and solute concentration of 5 mol/m3. The outlet boundary conditions are

no backpressure and convection-dominant transport with negligible diffusion (~n � ð�DrcÞ ¼ 0).

All equations were used as predefined in the COMSOL simulation package. We identified three

channel designs with different efficiencies and delivery rate; linear, T-shaped, and branched

(Scheme 1(b)). We report and compare the results of time-dependent simulations for the con-

vection and diffusion of solutes up to 7200 s (2 h), which as indicated by the data is the time

needed to achieve a near steady-state distribution of the solute in all designs of the devices

explored here.

B. Fabrication of the hydrogel based microfluidic devices

The devices were fabricated by the same procedures as in our previous publication.18 Briefly,

the hot liquefied agarose aqueous solution (2 wt. %) was poured into a polydimethylsiloxane

(PDMS) spacer on a patterned SU-8 mold and was cooled down to room temperature. The chan-

nel height was �500 lm. The patterned hydrogel with the spacer was peeled off from the mold

and sandwiched by two glass substrates. Two pieces of Tygon tubes were inserted into the inlet

and outlet of the device, and then the device was tightly clamped with binder clips. Aqueous

solution of 0.1 M Allura Red dye was injected into the inlet tube with a syringe pump (NE-1600,

New Era Pump Systems, Inc.).

III. RESULTS AND DISCUSSION

A. Definition of numerical parameters for evaluation of channel designs and results

for solute transport in permeable gels with a linear channel design

First, the effect of channel length relative to the length of the active area of the gel devices

was investigated (Fig. 2). The images represent the solute concentration distribution at time

t¼ 3600 s after solute injection. Qualitatively, the area infused with the solute at fixed infusion

time increases as the length of the linear channels increases, which means a longer microfluidic

channel exhibits a higher supply rate of the solute under an identical pressure. The resistance to

flow is much higher in the porous gel media than in the channels. As the channel length
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increases, the solution can flow through larger areas of shorter pathways in the porous media,

which reduces the flow resistance. A much less anticipated conclusion, however, is that when

the channel length becomes too long, the efficiency of the solute supply decreases because of

the large solute loss between the vertical microchannel ends and the large horizontal drain and

source channels, which can be seen in the data in Fig. 2(d). Since the ends of the long micro-

channels get so close to the outlet collector channel, the vertical flow resistance at the micro-

channel ends is lower compared to the flow resistance in the perpendicular directions (See also

the result for a solute distribution at 30 min in Fig. S1 in the supplementary material). As a

result, a rapid solute outflow and loss occur at the end of the long channels, before the solute

covers the active area uniformly.

For numerical analysis of the solute supply as a function of time, we define the degree of

coverage by

Coverage %ð Þ ¼ Area w=solute concentration > 4 mol=m3

Total active area
� 100%:

The covered area, i.e., the numerator in the equation above, was obtained by counting the

number of pixels for a solute concentration higher than 80% of one of the injected solution

(4 mol/m3) from the images of the simulation result as shown in Fig. 2. The degree of solute

coverage of the active area as a function of time is plotted in Fig. 3(a). As expected, the

increasing rate of coverage becomes larger as the channel length increases. The device with a

1.5 cm channel length shows negligible coverage within our maximum simulation time range of

7200 s. The slopes of other three graphs decrease drastically around 3500 s, which is associated

with the onset of dominant solute loss through the drain channel. The amount of solute draining

from the microfluidic device, Qout, which is plotted in Fig. 3(b), is obtained by

Qout ¼ ðFin � tÞ � Qdevice;

FIG. 2. Simulation results for color-mapped concentration at 3600 s in linear-microfluidic gel devices with different chan-

nel lengths. (a) 1.5 cm, (b) 2.5 cm, (c) 2.75 cm, (d) 2.95 cm. The data indicate that as the channel length increases, the rate

of infusion increases, however, the efficiency plunges with too long channels. Images for the solute distribution calculated

at more points in time are available in Fig. S1 in the supplementary material.
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where Fin and Qdevice are the average molar flow rate and the solute amount in the device,

respectively. Both values were obtained using the simulation routine. “Fin� t” is the total solute

amount supplied until the given time, t. At around 3500 s, the solute reaches the outlet and

begins to flow out, which would amount to a solute loss if the active area is not completely

infused.

To quantitatively evaluate how rapidly the solute is supplied depending on the channel

lengths, Tcoverage(%), the time required for a given coverage of the solute in the active area is

compared. In the interdigitated network design, the flow of the injected solutions appears domi-

nantly within the two outermost drain channels. The maximum coverage in “pseudo-steady

state,” as shown in Fig. 2(d), is around 80% of the total active area. Based on this value, we

selected the target criteria for coverage to be 72% and 76%, which are equivalent to 90% and

95% of the pseudo-steady state maximum coverage (i.e., 80%), respectively. The results for the

times needed to attain T72% and T76% of the hydrogel microfluidic devices with various channel

lengths are summarized in Table I. The devices with channel lengths of less than 2.5 cm do not

achieve 72% solute coverage within 7200 s. The device with the 2.95 cm channels exhibits

20%–30% shorter T72% and T76% than that with the 2.75 cm channels because of lower resis-

tance to flow in the porous gel media between the long channels as discussed. It is also con-

firmed that the rate of the solute inflow increases as the channel length increases (Table I).

Thus, the longer microfluidic channel can achieve a more rapid supply of the solute in the

linear-channel structure.

TABLE I. Summary of the numerical evaluation of the inflow molar rate (Fin) and the efficiency of the linear channel-

embedded hydrogel devices with different channel lengths based on required time (T), amount of solute draining (Qout),

and efficiency for 72% and 76% of coverage. The graphs of the efficiencies as a function of time are shown in Fig. S2 in

the supplementary material. The Qout and efficiency for the channel lengths of 1.5 cm and 2.5 cm are not displayed because

the 72% and 76% coverage criteria are not achieved within 7200 s (indicated by “n/a”).

Channel

length

Fin

(�10�7 mol�m�1�s�1)

For 72% coverage For 76% coverage

T72%

Qout

(�10�4 mol�m�1)

Efficiency

(%) T76%

Qout

(�10�4 mol�m�1)

Efficiency

(%)

1.5 cm 1.0 �7200 n/a. n/a �7200 n/a n/a

2.5 cm 6.0 �7200 n/a. n/a �7200 n/a n/a

2.75 cm 7.5 4000 5.2 70 4790 9.5 62

2.95 cm 10.4 3160 7.4 65 3320 8.6 63

FIG. 3. (a) Degree of solute penetration of the linear-microfluidic gel devices with different channel lengths as a function

of time. Two horizontal dotted lines represent 72% and 76% of coverage in the active area. (b) Amount of solute draining

(loss) from the devices in (a) as a function of time. Note that the longer channels achieving rapid surface coverage leads to

earlier loss of the solute carried out by the liquid exiting the device outlet.
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The high rapid infusion rate criterion alone is not sufficient for evaluation of the practical

operation of such devices. It is also important to characterize how efficiently the solute can be

distributed into the active area with minimum loss through the outlet. We define the efficiency

of a channel design by

Efficiency %ð Þ ¼ Qactive

Fin � time
� 100%;

where Qactive is the solute amount in the active area of the gel. It is noted that the difference

between the denominator and the numerator would be almost equal to Qout, i.e., the amount of

the solute that has passed through the device and has flown out through the drain channel.

The efficiencies of the linear channel-embedded hydrogels at T72% and T76% are compared in

Table I. These data reveal complex correlations between the rate of infusion and device effi-

ciency. Of the two devices achieving >72% coverage within 7200 s, the one with the 2.75 cm

channels has a higher efficiency than that with the 2.95 cm channels, whereas, for the 76% cov-

erage, the efficiency of the device with the 2.95 cm channels is slightly higher than that of the

device with 2.75 cm. Fig. 3(b) reveals that the outflow of the solute in the 2.95 cm channel

design begins much earlier than in the design with 2.75 cm long channels (�1000 s vs.

�2500 s). However, the Qout in the 2.75 cm channel design significantly increases from

5.2� 10�4 mol/m at T72% (4000 s) to 9.5� 10�4 mol/m at T76% (4790 s) and becomes even

larger than that in the 2.95 cm channel design at T76%. Thus, the efficiency of the solute supply

can vary depending on the target criteria for coverage as well as channel designs. In the next

round of research, we set the 76% coverage as a target coverage, in which case the 2.95 cm

channel design shows the highest rate of solute supply with highest efficiency.

B. Effect of the secondary channel branches on the rate and efficiency of solute supply

The analysis of the simple channel designs in Fig. 2 points out that the ends of the channels

are the major origin of flow inhomogeneity and solute loss. This problem could be addressed by a

geometric correction of the shape at the end of the source channels to facilitate the uniform lateral

solute transport in this region. After sampling of a few configurations, we identified one simple

solution for achieving better solute distribution—the use of T-shaped channels, where a pair of

short lateral branches is added at the channel ends. We simulated the solute transport in such devi-

ces with T-shaped channels while varying the length of the primary channels (Figs. 4(a)–4(c)). It

should be noted that the solute coverage in these designs with T-shaped channels at 2700 s is com-

parable to that of the linear channels at 3600 s in Fig. 2, which qualitatively confirms that the sec-

ondary branches of the T-shaped channels contribute to the rapid solute supply.

The numerical simulation results for the linear and the T-shaped channel device designs as

a function of the primary channel length are compared in Fig. 5. The T-shaped design achieves

a higher molar rate and, therefore, shorter T76% than the linear design at all channel lengths.

The T-shaped design also has a slightly higher efficiency at T76% than the linear design at

2.75 cm channel length. However, the T76% efficiency of the T-shaped design drastically

decreases at 2.95 cm channel length as a result of the large loss of the solute at the channel ter-

minals that are close to the exit channel as shown in Fig. 4(c). Thus, the T-shaped channel ena-

bles a more rapid supply of the solute than the linear channel design at the same channel length

and shows the maximum efficiency of solute supply with a channel length of 2.75 cm.

The results are of broad interest to the field of biomimetic structure design. The vascular

fluid and nutrients supply system in many natural leaves consists of a hierarchical network of

primary vein and many secondary veins branching off the primary one.22 The hierarchical struc-

ture of the veins appears to be Nature’s way to achieve a uniform and efficient supply of water

and minerals. To partially mimic the structure of such branched vascular microfluidic system,

we performed simulations with the simple branched design shown in Fig. 2(b) and compared

the results to the linear and the T-shaped ones. The branched design has five pairs of secondary

channels per source primary channel and four pairs of secondary channels per drain primary
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FIG. 5. Comparison of linear and T-shaped channel design data in terms of (a) the molar injection rate of solute, (b) the

time for which 76% solute coverage is achieved, (c), (d) the solute loss and the efficiency at T76% as a function of the length

of primary channels.

FIG. 4. (a)–(c) Simulation results for color-mapped concentration at 2700 s in T-shaped hydrogel devices with different

channel lengths. (a) 2.5 cm, (b) 2.75 cm, and (c) 2.95 cm. (d) Simulation result for solute distribution at 2700 s in a micro-

fluidic device with hydrogel-embedded branched channels. The channel length is 2.75 cm. The length of the secondary

branches perpendicular to the primary channels is 1.5 mm in all designs. The images reveal sources of inhomogeneities and

leakiness during the solute infusion.
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channel. The channel length was fixed at 2.75 cm, where the T-shaped design shows the most

efficient supply of the solute in Fig. 5(d). Fig. 4(d) shows the simulated concentration profile of

the solute in the device with the branched channels at 2700 s, where the solute appears to be dis-

tributed more uniformly than in the linear and the T-shaped devices (Figs. 2(c) and 4(b)). The

numerical parameters of the three designs are compared in Fig. 6. The branched design has the

highest molar rate, thereby achieving the 76% coverage most rapidly among the three designs.

The efficiency of the branched design at T76%, however, turned out to be more than 10% lower

than those of the linear and the T-shaped designs due to the significant loss that is seen in Fig.

6(c). Thus, the T-shaped design was identified as the most efficient one under the stringent effi-

ciency criteria defined. It was optimized further by investigating the effect of the length of

the secondary branches on the efficiency at T76% (Figs. 7 and S3 in the supplementary material).

We established that the optimized branch length of the perpendicular part of the T-shaped chan-

nel is 1 mm where the solute could be supplied most efficiently to 76% coverage.

FIG. 6. Comparison of microfluidic devices with linear, T-shaped, and branched channels in terms of (a) the molar injec-

tion rate of solute, (b) the time for achieving 76% solute coverage, (c), (d) the solute loss and efficiency at T76%. The pri-

mary channel length is 2.75 cm in all devices.

FIG. 7. The effect of the length of secondary branches in T-shaped channel design on the solute loss and the device effi-

ciency at T76%.
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It should be noted that P�eclet number is an important parameter to determine if the simula-

tion results reported here are valid in similar hydrogel-based or porous microfluidic systems.

P�eclet number, Pe, is the dimensionless number representing the ratio of convective transport rate

to diffusive transport rate, which could be obtained from the simulation procedure. Pe increases

as the device dimensions, the inlet pressure and the permeability of gel increases or the diffusivity

of solute decreases. The influence of channel design on the solute supply becomes less important

at low Pe number condition, i.e., when the diffusive transport of solute is more dominant than

the convective one. All the simulation results discussed above are for devices where Pe ranges

from 2–4, which means that the convection-driven transport is comparable to the diffusion-driven

one. Further simulation (Fig. S4 in the supplementary material) reveals that, at low Pe condition

in the gel media (Pe � 0.4), the “isotropic” solute transport by diffusion mechanism is more dom-

inant than the “guided” transport by convection, resulting in subtle differences in solute distribu-

tion regardless of the channel designs. At a high Pe condition (Pe> 10), the solute transport is

largely affected by the channel design, similar to the results reported in this paper. All in all, our

study will give a reasonable guideline for optimizing channel designs at the condition of Pe> 1

in the porous gel area.

C. Comparison of simulation results and experimental data for solute transport

in microfluidic hydrogels

The major goal of this study was to understand the role of channel design and branching in

developing new microfluidic-hydrogel devices. This is achieved largely by the computational

procedure described above. In order to verify our conclusions, we also investigated whether

these simulations present an accurate description of a real hydrogel-based system. To evaluate

the validity of the simulation data, we followed colorimetrically the dye transport in a prototype

of the microfluidic device based on hydrogels. Microfluidic channels with the branched design

in Fig. 4(d) were formed in the hydrogel by replica molding as described in Section II.

Aqueous solution of 0.1 M Allura Red dye was injected at a constant flow rate of 10 ll/min.

The flow rate under the pressure of 7� 103 Pa, corresponding to the inlet boundary condition

for the simulation, was �8 ll/min. The penetration of the dye solution was followed by optical

imaging. The dye distribution profiles imaged at 5, 10, 20, and 30 min after the dye injection

are compared with the corresponding simulation results in Fig. 8. The temporal distribution of

the dye of the experimental data is in excellent agreement with that of the simulation, which

confirms that the solute transport through the microvascular gels can be reasonably predicted by

using the simulation procedure established in this study. The slight mismatch between the

experiment and the simulation in Fig. 8(b) may result from the difference between the esti-

mated values used in the simulation (e.g., the permeability in the gel and the diffusion coeffi-

cient of the dyes) and the real ones. Those properties may be affected by some degree of tortu-

osity, pore uniformity, molecular affinity to the gel medium, and other effects.

IV. GENERAL DISCUSSION AND CONCLUSIONS

Microfluidic devices with channel networks embedded in semipermeable hydrogel form a

new class of biomimetic structures that can find a range of applications in harvesting solar

energy, photocatalysis, biological separations, design of new types of responsive “smart” mate-

rials, and others.5,14–19,23–26 The results of the simulations reported above demonstrate that the

solute transport in a biomimetic hydrogel with microvascular network is carried out by a com-

bination of convective flow in the channels and convective-diffusive transport through the

surrounding hydrogel matrix. We have defined a set of parameters that make possible the quan-

titative evaluation of the rate of infusion and efficiency of channel designs, which include

Tcoverage% (the required time for a given coverage), Qout (the amount of solute draining till a

given time), and efficiency. The comparative study of the linear and the T-shaped channels

under the constant inlet pressure (7� 103 Pa) reveals that the T-shaped channel design could

enable a more rapid and efficient supply of solutes than the simple linear one. The high effi-

ciency of this design possibly arises because the short channels terminating the T-junction allow
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distributing more evenly the solute reaching the vertical channel ends, which would otherwise be

lost rapidly in the nearby drain channel. These T-shaped channels, which we identified as the

most efficient design, were optimized further by varying the length of the secondary branches.

The interdigitated channel design in Fig. 4(d) is inspired by natural hierarchical channel

structures, such as a blood vessel system and leaf venation networks. To mimic the leaf vena-

tion structure in nature, we designed a network of uniformly branching secondary channels.

Interestingly, when this structure was compared with the linear and the T-shaped ones, it turned

out that these branched channels enable not only the most rapid, but also the most inefficient,

solute supply. The inefficiency appears to result from the loss of the solute at the multiple

branched channel termination points. In this regard, it appears that the natural venation net-

works are “designed” for a rapid and redundant water and metabolite supply, which as we

show, is best achieved with this type of network. It has been revealed that the venation archi-

tecture of natural leaves has been evolved for high water conductance.27–29

The experimental data of a soluble dye transport in a prototype hydrogel-microfluidic

device are in excellent agreement with the simulation results, which proves the validity of the

model and computational procedures used in this report. We hope that exemplifying and ratio-

nalizing the fluid and solute transport in biomimetic microfluidic structures such as the

hydrogel-microfluidic devices studied here would allow further progress in this emerging multi-

disciplinary area of research and future technologies. The model allows a rapid evaluation of

the effect of other key parameters in this class of devices, including, e.g., dimensions, channel

size ratios, diffusivity, permeability, or porosity. The next stage in this research would entail

adding a chemical or biological (photo)reactivity component with the hydrogel matrix (as in

our photoreactive leaf-like devices reported earlier, Refs. 18 and 19) that would make the

“artificial leaf” operational in a steady state conversion. For now, we demonstrate that the com-

mon numerical modelling of flow in porous media based on Brinkman equation describes excel-

lently the real fluid flow in such devices. The simulation procedure and the numerical analysis,

combined with the insight and criteria from this report can be used in the future design of

microfluidic materials and devices ranging from continuous reactors to solar- or fuel-cells and

drug delivery systems.19,30

FIG. 8. Comparison of simulation and experimental results for time-lapse dye transport in hydrogel microfluidic devices.

(a) 5 min, (b) 10 min, (c) 20 min, and (d) 30 min after injection of the dye solution. The results demonstrate an excellent

agreement between the convective–diffusive simulation and the dye infusion profiles in actual hydrogel devices.
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SUPPLEMENTARY MATERIAL

See supplementary material for more graphical and numerical data from the simulations.
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