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Tunable transport in bidisperse porous materials with vascular structure
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We study transport in synthetic, bidisperse porous structures, with arrays of microchan-
nels interconnected by a nanoporous layer. These structures are inspired by the xylem
tissue in vascular plants, in which sap water travels from the roots to the leaves to
maintain hydration and carry micronutrients. We experimentally evaluate transport in three
conditions: high pressure-driven flow, spontaneous imbibition, and transpiration-driven
flow. The latter case resembles the situation in a living plant, where bulk liquid water is
transported upwards in a metastable state (negative pressure), driven by evaporation in the
leaves; here we report stable, transpiration-driven flows down to ∼ − 15 MPa of driving
force. By varying the shape of the microchannels, we show that we can tune the rate
of these transport processes in a predictable manner, using a simple analytical (effective
medium) approach and numerical simulations of the flow field in the bidisperse media.
We also show that the spontaneous imbibition behavior of a single structure—with fixed
geometry—can behave very differently depending on its preparation (filled with air vs
evacuated), because of a dramatic change in the conductance of vapor in the microchannels;
this change offers a second way to tune the rate of transport in bidisperse, xylemlike
structures by switching between air-filled and evacuated states.
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I. INTRODUCTION

Porous media are ubiquitous in nature (rocks, soil, living tissues) and technological (separation
media, wicks, building materials, etc.) contexts. In many situations, permeation of both liquids
and gases through these materials defines their function or performance [1–3]. In many important
contexts, porous media also contain pores of vastly different (effective) lengths and diameters. This
diversity of structure often can occur due to defects (e.g., in packed columns [4]), fracture (e.g., in
geological formations [5]), functional design (e.g., in catalyst supports [6]), or adaptive evolution
(e.g., vascularized tissues) [7].

*Present address: Universite Claude Bernard Lyon 1, CNRS, Institut Lumière Matière, UMR5306, F69100
Villeurbanne, France; olivier.vincent@cnrs.fr

†ads10@cornell.edu

2469-990X/2024/9(6)/064202(24) 064202-1 ©2024 American Physical Society

https://orcid.org/0000-0002-8876-6072
https://orcid.org/0009-0007-7392-8773
https://orcid.org/0000-0002-8145-9977
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevFluids.9.064202&domain=pdf&date_stamp=2024-06-06
https://doi.org/10.1103/PhysRevFluids.9.064202


VINCENT, TASSIN, HUBER, AND STROOCK

FIG. 1. Xylem-inspired, bidisperse porous media. (a), (b) Schematic drawings of transport in xylem vessels
before (a) and after (b) embolism. Vessels (∼10 − 100 µm in width) are interconnected by nanoporous mem-
branes (pit membranes) that prevent propagation of the embolism to adjacent vessels. (c) Structures inspired
by xylem and the focus of this paper, combining a nanoporous matrix and regular arrays of microchannels of
various aspect ratios and approximately constant areal density.

In biology, vascular structure defines a coherent network of macroscopic vessels of high hy-
draulic conductivity (diameter ∼10 − 100 µm) within tissues of smaller pore size (nanometer range)
of lower hydraulic conductivity [8,9]. In the xylem of vascular plants [Figs. 1(a) and 1(b)], segments
of macroscopic vessels are interconnected, axially and laterally, by nanoporous membranes. The
xylem moves liquid water in the metastable state of negative pressure due to the undersaturation
in the surrounding environment that drives the fluid motion [7]; this state is prone to the entry
or emergence of vapor bubbles by cavitation or embolization. Xylem’s bidisperse, interconnected
architecture is hypothesized to serve to mitigate the loss of conductance upon loss of liquid connec-
tivity by arresting the spread of vapor and providing alternative paths for liquid flow [Fig. 1(b)]. This
xylem structure can remain partially intact in lumber such that transport of moisture in xylemlike
geometries may be important in the preparation and functionality of wood for construction and other
applications [10–12].

As we have presented in previous studies, synthetic systems inspired by the structure and
hypothesized function of xylem provide a route to generating extreme scenarios in which the
pore liquid experiences large tensions and to studying imbibition and permeation dynamics driven
by these stresses [13–15]. Such synthetic xylem structures provide a basis for testing biophysical
hypotheses [13,16], interrogating nanoscale transport and thermodynamic phenomena [17], and
designing approaches to heat transfer [18,19] and separations [20].

In these applications, as in vascular plants, the porous medium serves as a wick, i.e., a structure in
which capillary stresses drive flow; the maximization of permeability (requiring large pores) while
maintaining the ability to hold the pore liquid under tension by capillarity (requiring small pores)
presents competing demands on the pore structure. The bidisperse pore structure of xylem [Figs. 1(a)
and 1(b)], with long, large diameter pores (vessel segments) interconnected by thin membranes of
nanoporous material, would seem, intuitively, to present a favorable solution by maximizing the
distance traveled in vessels of high permeability while isolating each segment from others and from
the outside environment with small pores capable of generating large capillary stresses.

In this paper, we build and observe permeation in a series of geometries inspired by xylem
[Fig. 1(c)] to characterize the impact of pore geometry on effective permeability. Experiments with
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TABLE I. Sample properties: Dimensions of microchannel segments (w, �, d) as defined in Fig. 2, and
corresponding aspect ratio (ξ ) and area coverage ratio (γ ); κ/κ0 is the permeability increase predicted by
our numerical simulations (see Sec. III) or by our approximate analytical formula [Eq. (17)], except for the
blank sample for which κ/κ0 = 1 by definition. The blank sample contained no microchannels such that the
geometrical parameters are not applicable (n.a.) in this case.

Sample w (µm) � (µm) d (µm) ξ γ κ/κ0 (simulation) κ/κ0 (approximation)

Blank n.a. n.a. n.a n.a. n.a. 1 1
Square 224 224 88 1 0.31 2.00 2.27
Short 124 424 77 3.4 0.33 3.24 3.75
Long 74 824 50 11 0.38 7.88 9.24
Vein 100 14500 250 145 0.24 24.6 30.0

the pore space completely filled with liquid (water) allow us to confront the predictions of both
a numerical model and a simple effective medium approach of permeation in our geometries. We
extend our experiments to imbibition in which liquid advances into empty pores and elucidate a
strong dependence of the rate (and thus effective permeability) on the initial presence of air or its
absence (i.e., pure vapor in vacuum) in the pores. We explain this striking difference with a change
in the physical mechanisms governing transport in the vascular microstructure, coupled to liquid
capillary flow in the surrounding nanoporous layer.

Globally, our investigations demonstrate that bioinspired porous systems can be fabricated to
achieve tunable water transport properties that depend on both their geometries and their preparation
(evacuation or not). Simple physics-based design rules allow us to predict the behavior of the
structures as a function of these parameters. This type of experimental system can also be used
as an experimental micromodel for studying transport and phase-change processes related to plants,
geology, and engineered materials.

II. METHODS

A. Samples

We fabricated xylemlike, composite structures with regularly spaced microchannels intercon-
nected through a nanoporous matrix by assembling (through anodic bonding) two surfaces. The
first surface consisted of a nanoporous silicon layer (poSi) etched into the surface of a silicon wafer
by anodization. The second surface was glass, patterned with microchannels by photolithography
(Fig. 2). Details on the fabrication methods can be found elsewhere [14,17]. Separating the fabri-
cation of the nanoporous layer and the microchannels in two separate surfaces results in simpler
fabrication procedures compared to creating all structures in the silicon wafer (e.g., wet etching
instead of reactive ion etching, parallel instead of sequential processing, etc.), but the latter is
also possible [16]. We do not expect these two fabrication procedures to result in significantly
different behaviors, as the final layers remain essentially two-dimensional (nanoporous layer and
microchannel depths small compared to other system dimensions).

Figure 2(a) presents the geometrical properties of the xylemlike designs. Figure 2(b) presents
micrographs of two of the geometries studied. Table I provides parameter values of all designs. In
all designs, the poSi layer had a thickness Hp = 5 µm and contained interconnected pores of radius
rp � 1.5 nm (as characterized previously in Vincent et al. [14,17,21]). The microchannel segments
had a depth Hv = 32 µm (except for the vein sample, Hv � 20 µm) and various in-plane lengths (�)
and widths (w). These channels were arranged in various regular, rectilinear arrays with the same
edge-to-edge separation (2d) in both principal directions (x and y); the value of d varied with the
lateral dimensions to maintain a similar areal fraction of the microchannels across designs: γ ∼ 0.3.
A sample with no microchannels (blank) was also prepared.
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FIG. 2. Synthetic, xylemlike samples studied here. (a) Schematic drawing: Global, top view (left) and
cross-section detail (right). In the left panel, the inset shows the definitions of the lateral dimensions of the
microstructures, w, �, and d; in the right panel, Hv, Hp, and rp are the microchannel depth, the nanoporous
medium depth, and the nanopore radius, respectively. See Table I for parameter values. (b) Micrographs of two
designs. The central, gray zone is where the top surface of the silicon wafer has been anodized to create a layer
of porous silicon; in the dark area that surrounds it, silicon is not anodized and the direct bonding of silicon
to glass forms an impermeable boundary on the porous zone. The bonded structure is cut with a dicing saw to
expose the porous silicon layer to the outside environment (top edge in micrographs); this cut does not open
microchannels directly to the outside. The irregular white markings with a general circular shape are residues
left by the electrode during the anodic bonding procedure; they are located on the external surface of the glass
and did not affect the phenomena studied here.

As in our previous work [17], we also etched a serpentine channel connected to a distribution
channel on the backside of the sample; we used this channel to measure the flow rate through the
structure by measuring its rate of filling and emptying by tracking the progression of a meniscus.
Both channels were of depth Hv, and of width 10 µm + 2Hv (serpentine) and 460 µm + 2Hv

(serpentine).
After anodic bonding, the whole structure was closed on three sides [thick black line in Fig. 2(a)]

and open on one edge at which mass exchange with the environment occurred from the exposed
cross section of the poSi layer; we opened this edge by cutting the anodically bonded structure
formed of glass and silicon.

We fabricated five different geometries for the microstructure: a reference sample (blank) without
any etched microchannels in the glass, serving as a reference for the measure of transport in the bare
porous silicon layer (permeability κ0 [m2/(Pa s)]), and four structures of similar surface coverage
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FIG. 3. Different types of experiments performed on an individual sample. (a) High pressure flow, with
measurement of flow rate using the position, X (t ), of the meniscus in the serpentine channel or in the
distribution channel (horizontal). (b) Transpiration-driven emptying in a subsaturated vapor, with a similar
measurement of the flow rate using X (t ). (c) Spontaneous imbibition triggered by capillary condensation
in the nanoporous matrix, with the microstructure either filled with air (diffusive transport of water vapor,
represented by the blue, broken arrow) or evacuated [convective transport of water vapor, parallel blue arrows,
corresponding to a Poiseuille flow developed in the z direction, see Fig. 4(c)]; Y (t ) corresponds to the position
of the wetting front, which we measure optically. Large, orange arrows indicate the direction of the flow, dark
brown shading indicates wet nanoporous matrix, and light brown shading indicates dry nanoporous matrix.

(γ = Smicroch/SpoSi[−], where Smicroch [m2] is the in-plane area of all microchannels and SpoSi is the
total in-plane area of the porous silicon through which transport occurred), but strongly varying
in-plane aspect ratio (ξ [−]). Table I provides the geometries of the features of the five samples;
see also Appendix A, Fig. 9 for actual micrographs of every sample. For all samples, the structure
was repeated across a zone of length L = 1 cm and width W = 2.2 cm, except for the vein sample
with L = 1.5 cm. As a result, each vein in this latter sample spanned almost the whole length of the
medium, while for other samples the pattern was repeated in the y direction.

B. Experiments

With each of the samples described above, we performed three distinct experiments (see
Fig. 3): high pressure flow, transpiration at negative pressure, and spontaneous imbibition triggered
by capillary condensation; for imbibition, we also considered two different situations, with the
microstructure either filled with air or evacuated. All experiments were carried out at ambient
laboratory temperature (23 ± 1 ◦C), except experiments in vacuum, where the stage had a thermal
regulation at 15 ◦C. For all series of experiments, we report the observed permeability relative to
that of the blank sample under the same conditions; we expect that this ratio should be relatively
insensitive to the influence of temperature on physical parameters (e.g., viscosity).

1. High pressure flow

For high pressure flow experiments [Fig. 3(a)], we first removed air from the pores and mi-
crochannels by evacuation in vacuum. Then, we placed the samples in a commercial, high-pressure
vessel (HIP, Inc.) [23] filled with water, with an applied pressure, P (typically 3 to 20 MPa,
depending on the sample). This high pressure resulted in an inwards flow, progressively filling the
serpentine channel and shrinking the bubble at the back end of the sample (bottom of structures in
Fig. 2). Samples were evacuated prior to filling to avoid the pressure associated with compressing
and dissolving trapped air. We left the samples under pressure for intervals of time, �t , before
releasing the pressure. We took snapshots of the samples out of the vessel with a stereoscope and
camera (Leica MZFLIII stereoscope from Leica Microsystems GmbH, Wetzlar, Germany, and a
QImaging Retiga 1300 camera from QImaging, Surrey, Canada) to measure the displacement, �X
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of the meniscus in the serpentine channel (see Appendix B, Fig. 10); we repeated this process until
filling was complete. We estimated the velocity for each period of pressurization, U = �X/�t . This
process was required because the pressure vessel was opaque. We then estimated the mass flow rate,
Q [kg/s] as

Q = ρsU, (1)

where ρ [kg/m3] is the fluid’s density, s [m2] is the cross-section area of the serpentine channel, and
U [m/s] is the measured velocity.

We note that in some experiments, the meniscus was in the distribution channel rather than in the
serpentine channel (see, e.g., Appendix B, Fig. 10). In both cases, we used the known cross-sectional
area of the channel, s [m2], in which we tracked the meniscus to convert the speed of the meniscus
into a volumetric flow rate.

2. Transpiration

In this scenario, inspired by xylem sap flow in plants, flow through the structure was driven
by evaporation at the open edge (the leaf) into a subsaturated vapor [Fig. 3(b)]. In a previous
publication [17], we showed that this method provided an accurate way of measuring permeability
of nanoporous samples. Here we apply it to the composite, synthetic xylem structures. To perform
transpiration experiments, we used samples that were completely filled with water except for a
remaining vapor bubble in the serpentine channel. This situation occurred naturally at the end
of a high-pressure experiment (see above). We then placed the samples in a humidity-controlled
environment with subsaturated water vapor [water vapor pressure, p < psat (T )]. Due to the local
equilibrium at the open edge between liquid water in the nanopores and the external water vapor (see
Sec. III, Theory section), a reduced (typically negative) pressure developed at the open edge, result-
ing, after a short transient, in a steady-state flow through the structure [17]. This flow progressively
emptied the serpentine channel; we tracked the resulting motion of the liquid (vapor) meniscus in
the serpentine channel using a camera (Point Grey Grasshopper Monochrome camera), a macro
lens (AF Micro-Nikkor 60 mm f/2.8), and white, diffuse illumination (Schott ACE 150W light
source). From the velocity of the meniscus, we calculated the mass flow rate through the structure
using Eq. (1). For every sample, we recorded transpiration-induced flow at a variety of imposed
vapor pressures, p, in a range high enough to avoid triggering either dewetting (desorption) from
the nanopores or cavitation within the microchannels (see Sec. IV, Results and Discussion below).

3. Spontaneous imbibition

We used spontaneous imbibition as a third method to drive transport within our structures. As we
have shown recently [21], liquid imbibition in a nanoporous medium can occur spontaneously by
condensation of the vapor into the nanopores, provided that the vapor pressure of the external vapor
is above the threshold for capillary condensation, pcond. With our poSi layer, pcond � 0.6 psat [21], so
we worked with an imposed vapor pressure above this value, p = 0.93 psat, to induce condensation
and imbibition. We followed the imbibition dynamics optically, using time-lapse videos obtained
with the same imaging system as for transpiration experiments (camera and macro lens, see above).
Because the optical reflectance of the poSi layers changes as a function of water content (see Sec.
IV, Results and Discussion), we tracked the imbibition front by monitoring relative changes in
the gray level of the image, �I/I averaged in the x direction; we then extracted the position of
the imbibition front by defining Y (t ) as the position at which the signal is at its midpoint between the
dry gray level value and the wet value (see Ref. [21] for details). From the displacement, Y (t ) of the
invading liquid front within the structure, we measured the dynamics of imbibition in our structured
samples and estimated the effective permeability of the sample using a modified Lucas-Washburn
equation (see Sec. III, Theory).

We performed two types of imbibition experiments. For the first type, we first dried the samples
for at least 48 hours in dry air, with a relative humidity (RH) of 6%. Then, we placed the samples in
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a closed box with a humidity of 93% RH, set by an unsaturated solution of sodium chloride (NaCl).
For the second type, the samples were evacuated for at least 24 hours in a vacuum chamber. Then,
we released water vapor in the chamber to impose a fixed vapor pressure of p = 0.93 psat (93%
RH). As a result, imbibition occurred with air-filled nanopores and microchannels in the first type
of experiments and with evacuated nanopores and microchannels in the second type.

Note that during all imbibition experiments, the microchannels never filled with liquid water
because the humidity used to trigger condensation in the nanopores was not sufficiently high
to induce condensation in the microchannels, nor capillary suction from the nanopores into the
microchannel (see Theory, Sec. III B 4).

III. THEORY

A. Hypotheses

Since dimensions of the structures in the z direction (Hp for the nanoporous layer, Hv for the
microchannels) are much smaller than in other directions, we assume that all gradients leading to
transport in the system are in the x and y directions [Fig. 2(a)], and also that there is fast exchange
between the microchannels and nanoporous layer in the z direction (local equilibrium).

B. Basic equations

1. Transport in the nanopores

In all situations considered here (Fig. 3), transport within the nanporous layer (poSi) occurred in
the liquid state and was thus driven by a liquid pressure gradient ∇P [Pa/m]. Following Darcy’s law,
the associated mass flux density q [kg/(m2 s)] is related to the Darcy permeability κ0 [m2/(Pa s)]
through

qpo = −ρκ0∇P, (2)

where ρ � 103 kg/m3 is the density of liquid water [24]. From our previous studies with poSi layers
prepared in the same way, we have κ0 � 1.8 × 10−17 m2/(Pa s) [17,21].

2. Transport in the microchannels

In regions of the sample where microchannels are in contact with the porous layer, transport in the
microchannels can occur in parallel to Darcy flow in the nanopores (Fig. 4). This process happens
either by division of the liquid flow when the microchannels are filled with liquid [Fig. 4(a)] or by
evaporation, transport through the vapor phase, and condensation when the channels are air-filled or
evacuated [Fig. 4(a)].

In the cases in Figs. 3(a) and 3(b) (high pressure and transpiration), the microstructure was filled
with liquid and transport occurred through pressure-driven, Poiseuille-like flow [Fig. 4(a)]. Since the
depth Hv of the microchannels was small compared to their other dimensions, we evaluate transport
dynamics using the expression of planar Poiseuille flow for the mass flux density (mass flow per
unit cross-sectional area, q� [kg m−2 s−1]),

q� = −ρ
H2

v

12η
∇P, (3)

where η � 10−3 Pa s is the viscosity of liquid water [25].
In imbibition experiments [Fig. 3(c)], however, transport in the microchannels occurred in the

vapor phase, either by diffusion through air [air-filled state, Fig. 4(b)] or as a pressure-driven
(convective) flow of pure water vapor [evacuated state, Fig. 4(c)]. From Fick’s law, transport by
diffusion leads to the following prediction of the mass flux density:

qv,air = −MD

RT
∇p, (4)
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FIG. 4. Sketches of transport mechanisms along the length (y) of the microchannels in three situations:
(a) channel filled with liquid (Poiseuille flow of liquid water), (b) channel filled with air (diffusive transport
of water vapor), and (c) evacuated channel (Poiseuille flow of water vapor). The sketches depict a cross
section along the length of a microchannel. The poSi layer is represented as interconnected pores, drawn with
exaggerated diameter compared to their actual size. The squiggle arrows in (b) and (c) represent evaporation
and condensation at the left and right of the channel, respectively. The situation in (a) corresponds to
high-pressure or transpiration experiments [Figs. 3(a) and 3(b)]. The situation in (b) and (c) correspond to
spontaneous imbibition experiments [Fig. 3(c)] in the air-filled and evacuated cases, respectively. In all cases,
transport in the microchannel occurs in parallel with a Darcy flow in the poSi layer, driven by a pressure
gradient [hence, the increasing meniscus curvature from left to right in (b), (c)], see Eq. (2). Situations described
in [(a)–(c)] correspond to Eqs. (3)–(5), respectively.

where RT [J/mol] is thermal energy, p [Pa] is the partial pressure of water vapor in air, M = 1.802 ×
10−2 kg/mol the molar mass of water, and D � 2 × 10−5 m2/s is the diffusivity of water vapor in
air [26]. In the second situation with an evacuated sample, we expect a Poiseuille flow driven by
gradients of vapor pressure:

qv,vac = −ρ∗ H2
v

12η∗ ∇p, (5)

where ρ∗ = pM/(RT ) is the density of the vapor and η∗ � 10−5 Pa s its viscosity [25].

3. Liquid-vapor equilibrium (Kelvin equation)

Lastly, because we consider situations where transport is multiphase (e.g., vapor flow within the
microchannels in parallel with liquid flow within the nanopores during imbibition), we need to relate
how the liquid and vapor pressure locally relate to one another. The equality of chemical potentials
of the liquid phase and the vapor phase imposes a relation between liquid pressure, P, and vapor
pressure, p, known as the Kelvin equation,

P = Pref + RT

vm
ln

(
p

psat

)
= Pref + 	(p), (6)
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where vm = M/ρ [m3/mol] is the molar volume in the liquid state, p [Pa] the partial (in air) or
total (in vacuum) vapor pressure, psat (T ) the saturation vapor pressure (e.g., 2811 Pa at 23 ◦C), and
	 = (RT/vm ) ln(p/psat ) is the water potential [3,7]; Pref is a reference pressure equal to atmospheric
pressure when working in air, and equal to psat when working in vacuum. This distinction is
anecdotal in our present situations because Pref is typically orders of magnitude lower compared
to P and can be neglected; psat also changes slightly depending on the air or vacuum context, but
again in a negligible manner for our purposes [27].

For convenience, we also define the following dimensionless quantities:

a = p

psat
(7)

the activity (i.e., relative humidity, 0 � a � 1) of water vapor and

ε = vm psat

RT
, (8)

which corresponds to the vapor-to-liquid density ratio at saturation. Using tabulated values of water
density and saturation pressure [24], ε = 1.3 × 10−5 at 15 ◦C and ε = 2.1 × 10−5 at 23 ◦C.

4. Capillary condensation and spontaneous filling

Kelvin equation (6) can also be used to estimate the humidity at which pores or channels fill
spontaneously by capillary condensation, or by meniscus aspiration from the porous medium. To fill
the hydrophilic microchannel, one must form a meniscus in the channel, resulting in a reduced pres-
sure in the liquid due to capillarity (P ∼ −2σ/Hv � −5 kPa from Laplace’s law, with σ = 0.073
N/m, the surface tension of the liquid). Condensation becomes possible when this capillary pressure
is compatible with Kelvin’s equation (6); in other words, the typical relative humidity necessary
for capillary condensation in the microchannels is p/psat = exp(−2σvm/(RT Hv)) � 0.99997, ne-
glecting Pref . In other words, condensation in the microchannels is possible only if the imposed
relative humidity is extremely close to 100% RH, which was not the case in our experiments.
Similarly, Kelvin’s equation implies that the pressure in the liquid in the nanopores during imbibition
experiments varies between 	(p) � −10 MPa at the edge of the sample, down to �Pc � −70 MPa
at the imbibition front (see below, Sec. III E). Since these values are much larger in magnitude than
the microchannel capillary pressure (� −5 kPa), spontaneous invasion of the microchannels was
impossible in our experiments, due to the much stronger suction of the nanoporous layer.

C. Relative magnitudes of transport mechanisms

Here, we compare how transport within the microchannels should compare to transport in the
nanoporous layer depending on the situation.

Because the cross sections available for flow are similar in the poSi layer and in the microchan-
nels (Hp comparable to Hv), we assume below that the ratio of mass flux densities in the porous layer
and in the microchannel is a reasonable measure of relative transport between these two elements.

For high pressure flow [Fig. 3(a)] and transpiration [Fig. 3(b)] for which the microchannels were
filled with water [Fig. 4(a)], we predict [Eqs. (2) and (3)] the ratio of fluxes in the channels (q�) and
in the nanoporous layer (qpo) to be

q�

qpo
= H2

v

12ηκ0
= O(109), (9)

so the microchannels can be considered as infinitely conductive relative to the nanoporous matrix in
these cases.
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For imbibition with evacuated microchannels [Figs. 3(c) and 4(c)], we predict the ratio of vapor
flux in the channels (qv,vac) to the Darcy flux in the poSi (qpo) to be

qv,vac

qpo
= (εaHv)2

12η∗κ0
= O(102), (10)

so the evacuated microchannels filled with pure water vapor should also act as shortcuts for the
transport of water, similarly to when they are filled with liquid water. In deriving the expression in
Eq. (10), we differentiated Eq. (6) to relate vapor pressure gradients in the vapor phase to gradients
in liquid pressure in the porous medium (∇p = εa∇P); we then used this expression for ∇p in
Eq. (5) to predict qv,vac. For the numerical estimate, we have considered a = p/psat to be in the
range 0.5 to 1, as is typical in our experiments.

Finally, for imbibition with air-filled microchannels [Figs. 3(c) and 4(b)], we use Eq. (4) and the
derivative of Eq. (6) to predict the flux in air-filled microchannels (qv,air) and find the ratio

qv,air

qpo
= ε2aD

psatκ0
= O(10−1), (11)

so transport in the microchannels should be negligible when they are filled with air such that the
flux should be dominated by Darcy flow through the poSi in this scenario. This situation is similar
to that reported recently of negligible transport of water vapor in an air gap above a drying colloidal
suspension [28].

Since transport in the microchannels is either very large [Eqs. (9) and (10)] or very small
[Eq. (11)] compared to that in the nanoporous layer, a detailed description of the local exchange
and distribution of flow between microchannels and the nanopores situated below in the z direction
(Fig. 4) is not necessary: In the following, we will simply assume that microchannels either
completely bypass the nanoporous layer below it when filled with liquid or water vapor or are
invisible (all flow in the nanoporous layer below) when filled with air.

Our design thus presents an interesting situation in which transport can be tuned by changing the
contents of the microstructure. For example, by introducing air in a previously evacuated sample, the
microchannels change from being shortcuts for the flow to having virtually no effect on transport.
This change of behavior occurs because

qv,air

qpo
� 1 � qv,vac

qpo
. (12)

Later, we demonstrate this switching effect in the context of spontaneous imbibition.
Note that varying the ratio Hv/Hp is, in principle, another way to tune the relative flow between

the microchannels and porous layer. For example, from Eq. (10), the mass flux density decreases
rapidly in the evacuated microchannel when its height is decreased; thus, by lowering this value
enough, one should be able to make it similar to the mass flux density in the porous layer; this
choice would result in a similar behavior between evacuated and air-filled samples (negligible flow
in the microchannels). We have not explored this possibility in the present paper. This observation
shows the importance of the choice of physical and geometrical parameters for both the nanoporous
layer and microchannel for the switching and tunable behavior to be possible.

D. Effective permeability of the composite structures

We now estimate the impact of the microstructure on transport depending on its geometry. Fol-
lowing the estimates from the previous section, we consider Eq. (1) that all samples are equivalent
to a pure nanoporous medium without any microstructure (blank) when the microchannels are filled
with air [based on Eq. (11)] and Eq. (2) that each microchannel is infinitely conductive in all other
situations (microchannels filled with liquid or pure water vapor), based on Eqs. (9) and (10).
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1. Definitions

From Darcy’s law [Eq. (2)], the mass flow rate, Q [kg/s] driven by a gradient of pressure, �P/L
in the blank sample is Q0 = Sqpo, or

Q0 = ρκ0S
�P

L
, (13)

where S = W × Hp is the cross-section area of the porous layer. By analogy, for a sample with
a microstructure, we define the effective permeability κ such that the mass flow rate through the
sample is

Q = ρκS�P

L
, (14)

i.e., we consider the effect of the microstructure without considering details of its geometry, e.g., the
fact that it is not actually embedded in the nanoporous layer. In other words, we measure the increase
of permeability in a sample compared to the reference (blank) by the increase of the observed mass
flow rate in similar experimental situations:

κ

κ0
= Q

Q0
. (15)

2. Simulations

We have evaluated κ/κ0 for different microstructure geometries with numerical simulations, as-
suming that areas directly covered by the microstructure (microchannel) were infinitely conductive
[Fig. 5(a)]. We predicted the pressure-driven transport through the multiscale porous media by
solving the time-dependent, poroelastic diffusion equation for pressure by finite difference for a
single unit cell of the patterned structure; this unit cell is shown in Fig. 5(a). This approach is
an example of effective medium theory [29], where the explicit transport is resolved over a large
enough (i.e., statistically representative) domain to include the diversity of material conductance
present in the full system. The well-ordered, periodic microstructure of our system allows for the
single unit cell of the patterned structure to serve as such a domain [30].

In our numerical solution, we divided the unit cell into two domains: the microchannel [inside
white dotted line in Fig. 5(a)] and the nanoporous domain (outside white dotted line). Consistent
with its high conductance [Eqs. (9) and (10)], we treated the microchannel as a lumped capacitance
with a single, uniform pressure at each time step. In the porous domain, we solved the poroelastic
diffusion equation using an explicit finite difference scheme. The boundary conditions imposed on
the porous domain were no flux (right and left), fixed pressure Pin at the bottom, fixed pressure
Pout on top, and uniform pressure along the boundary between the microchannel and the rest of the
domain [Fig. 5(a), white dotted line]. We have provided a detailed description of this numerical
approach elsewhere (see Supplemental Material of Ref. [14], and Sec. 4.2.1 of Ref. [31]). We
allowed the solution to reach the steady state for a fixed difference in pressure imposed on the
bottom (Pin) and top boundaries (Pout) to assess the steady-state mass flow rate, Q, and thus the
effective permeability increase from Eq. (15).

We numerically calculated κ/κ0 for a variety of geometries with different surface coverages (γ )
of the microstructure and with varying aspect ratios of the microchannels [see Fig. 5(b), symbols].
The γ = 0.3 case is close to our experimental samples (see Table I); however, our fabrication
procedure induced variations in the values of γ for the different samples. Consequently, we also
ran specific numerical simulations with each actual sample geometry, as measured on optical
micrographs; the corresponding values are indicated in the last column in Table I.
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FIG. 5. Numerical and analytical predictions of steady-state flow through the composite matrix as a
function of the microchannel aspect ratio (ξ = �/w) and of the surface density of channels (γ ). (a) Pressure
field (color map) and streamlines (black lines) for the unit cell of the composite porous medium, obtained
from numerical simulations (here with γ = 0.3, ξ = 2.2); inside the white dotted line is the microchannel
over the porous layer and outside this line is just the porous substrate. In this prediction, we assumed that
the microchannels had infinite permeability, a reasonable approximation when the microchannels are filled
with liquid water or pure water vapor [see Theory, Eqs. (9) and (10)]. (b) Comparison of numerical and
analytical predictions of the effective permeability ratio κ/κ0 as a function of ξ for different values of
γ . Symbols represent predictions of the numerical simulations as in (a), and lines represent approximate,
analytical predictions based on a resistors-in-series approach [Eq. (18)]. Sketches show the appearance of a
unit cell for the three different values of γ , at an aspect ratio ξ = 8; the data corresponding to these three
sketches is circled in gray (dashes). See Appendix C, Fig. 11 for a similar comparison between simulation
results and a Maxwell-Garnett-like approach [Eq. (16)].

3. Analytical estimate (effective medium approach)

We also used effective medium approaches [29] to derive analytical formulas to estimate
the value of the effective permeability of our structures, without having to perform numerical
simulations.

First, we adapted an effective medium approach originating from Maxwell and Garnett [29,32],
and extended by Zimmerman to evaluate the effective permeability of two-dimensional media with
elliptical inclusions [33]. In our approach, we assume that the effect of the array of microchannels
was identical to that of an ensemble of ellipses with the same aspect ratio ξ . We adapted Zimmer-
man’s calculation to account for aligned ellipses with infinite permeability and found

κ

κ0
= 2 + (1 + ξ )γ

2 − (1 + ξ )γ
(16)

(details of the derivation can be found in Appendix C, and in Ref. [31]). Equation (16) gives satisfac-
tory agreement with our simulation results, but only for low areal fractions, γ , and moderate aspect
ratios, ξ (see Appendix C, Fig. 11). This observation is not surprising, given that Zimmerman’s
calculation is a first-order approach which performs best at low densities of inclusions [33]. As a
result, we also used another approach better suited for large areal coverages and large aspect ratios.

In this approach, we account only for resistance to flow along the y axis in the sections of length,
d without a microchannel [see Fig. 5(a)]; we assume that the microchannel short circuits the flow
through the section that contains a microchannel, of length �. This treatment leads to the following
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prediction for the effective conductance:

κ

κ0
= � + 2d

2d
= 1

δ
, (17)

where δ = 2d/(� + 2d ) is the ratio between the distance traveled in poSi only and the total axial
path length across a unit cell. We have used Eq. (17) to generate the analytical estimates in Table I.

If the inputs are the aspect ratio of the microchannels (ξ ) and the surface coverage ratio (γ )
instead of � and d , some more algebra is needed to relate these quantities. With our design keeping
the same half-separation d in both directions around the microchannels [Figs. 2 and 5(a)], one can
relate δ in a unique manner to ξ and γ through δ = f (ξ, γ ) −

√
f (ξ, γ )2 + γ − 1, with f (ξ, γ ) =

1 + γ

2 (ξ − 1). As a result, from Eq. (17):

κ

κ0
= 1

f (ξ, γ )
[
1 −

√
1 − 1−γ

f (ξ,γ )2

]
.

(18)

We used Eq. (18) to generate the lines in Fig. 5(b).
Comparison with simulations [symbols in Fig. 5(b)] indicates that our analytical approach

[Eqs. (17) and (18)] performs well at high surface coverage of the microstructure (e.g., γ = 0.6, red
triangles and curve), with more significant overestimations of κ/κ0 at lower densities of microchan-
nels. As an example, if we evaluate Eq. (17) [equivalently, Eq. (18)] for the specific geometries
that we have used experimentally in this study, we find that it overpredicts the permeability ratio
by 15 − 20% (see Table I). Graphical comparison between Eqs. (17) and (18) and numerical
simulations are also available in Sec. IV D [see Fig. 8(a)].

E. Expressions corresponding to the different experimental situations

1. High pressure flow

High pressure experiments [Fig. 3(a)] correspond to a steady-state situation with an external pres-
sure, P, pushing the liquid towards the serpentine channel (at pressure Ps). The typical magnitude
of P was ∼10 MPa (107 Pa). Since the sample was evacuated before high pressure experiments, the
gas pressure in the bubble at the end of the serpentine channel was the saturation pressure of water:
Ps = psat (T ) � 2 kPa ∼103 Pa (we can neglect here the effect of curvature on the vapor pressure
since the meniscus dimensions are in the micrometer scale). Also, the Laplace pressure due to the
curvature of the liquid-vapor interface between bubble and liquid in the channel is on the order of
−2σ/Hv � −5 kPa. Thus, Ps ∼ 103 Pa � P ∼ 107 Pa, so the pressure difference between the edge
of the sample and the serpentine channel is, to very good approximation, �P = −P. From Darcy’s
law [Eq. (14)], it follows that the mass flux is

Q = −ρκS P

L
. (19)

Note that the mass flow rate is negative, corresponding to an inwards flux (towards y < 0).

2. Transpiration

Similarly to high pressure experiments, transpiration [Fig. 3(b)] is a steady-state situation but
with a negative pressure driving the flow towards the open edge of the sample instead of an
external overpressure driving the flow towards the back end of the structure. This negative pressure
originates from the local equilibrium between the liquid and vapor phases at the open edge and is
mediated by the curvature of the exposed nanoscale menisci [14]. Due to this equilibrium, the liquid
pressure at the open edge was imposed by the external water vapor pressure through the Kelvin
equation [Eq. (6)]. The magnitude of the Kelvin pressure was ∼10 MPa in our experiments, so the
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reference pressure Pref and the serpentine pressure Ps can again be neglected. As a result,

Q = −ρκS	(p)

L
, (20)

where

	(p) = RT

vm
ln

(
p

psat

)
(21)

is the (negative) Kelvin pressure, which also corresponds to the water potential at the open edge of
the sample [see Eq. (6)]. The resulting flux is positive, i.e., with a y > 0 direction [towards the open
edge, see Fig. 3(c)].

3. Imbibition by capillary condensation

In the situation of Fig. 3(c), water vapor condenses at the open edge and the condensed liquid in
the nanopores invades the structure, driven by the capillary pressure, �Pc = −2σ cos θ/rp, where
rp is the nanopores radius and θ the contact angle of water on the pore walls. From our previous
studies [17,21], �Pc � −70 MPa for the nanoporous silicon layer. This situation is similar to regular
spontaneous imbibition, i.e., capillary invasion when the sample edge is soaked in bulk liquid water;
this process is described by the Lucas-Washburn equation [34,35]. However, in the present situation
where imbibition is triggered by capillary condensation, the liquid-vapor equilibrium at the open
edge introduces another capillary pressure, 	(p) [through the Kelvin equation, see Eq. (6)] that
resists the invasion [21]. As a result, the invasion dynamics [front position, Y (t )] is described by a
modified Lucas-Washburn equation that takes into account the competition of these two capillary
pressures, as we have shown previously [21],

Y (t ) =
√

2κ

φ
(	(p) − �Pc)t, (22)

where φ is the porosity of the nanoporous layer; ω = 2κ (	 − �Pc)/φ = Y 2/t is the Lucas-
Washburn velocity of imbibition (homogeneous to a diffusivity [m2/s]) [21] and depends on
the humidity imposed around the sample through 	(p). In our experiments, we used a fixed
value of relative humidity, p/psat = 0.93 (see Methods, Sec. II B), resulting in 	(p) � −9.9 MPa
from Eq. (6). As a result, the imbibition flow was driven by a gradient of pressure going from
	(p) � −9.9 MPa at the sample edge, down to �Pc � −70 MPa at the imbibition front.

IV. RESULTS AND DISCUSSION

A. High-pressure flow

We used high-pressure, steady-state flow in our various composite structures to estimate the
permeability associated with samples containing microstructure (samples square, short, long, vein),
relative to that of a purely nanoporous sample (blank, permeability κ0). From the observed filling
velocity U = dX/dt of the meniscus in the serpentine channel (see Methods sectioin and Supple-
mental Material, Fig. 10) and Eqs. (1) and (19), we estimated the permeability ratio κ/κ0, where
the index 0 refers to the reference sample (blank). We report and discuss the extracted values of the
permeability ratios in the general discussion [see below, Sec. IV D and Fig. 8(b)].

B. Transpiration

Figure 6 presents our measurements of transpiration flow rates for each sample geometry as a
function of water potential [Eq. (21)] of the vapor to which the sample was exposed. After each
step in vapor pressure, we observed clear steady-state flows (as measured by the emptying speed,
U = dX/dt of the serpentine channel) through the structure, after short transients of a few minutes.
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FIG. 6. Transpiration-driven flow [see Fig. 3(b)]. (a) Picture of the long sample during a transpiration
experiment (contrast has been enhanced for clarity). In this particular case, the liquid-vapor meniscus was
located in the distribution channel (i.e., not in the serpentine part—sketched with white dashes); however, we
could still track the expanding bubble to measure transpiration-driven flow. Note that no cavitation can be
seen, and this was the case for all samples down to 	 � −15 MPa. (b) Reslice [stack of the pixels along the
black line in (a) for all images in the recorded sequence], showing the expansion of the bubble in the channel
over time as the humidity is switched from a = 0.95 to a = 0.91; the slope of the visible line separating two
areas of different gray levels is proportional to the velocity of the meniscus, and hence to the flow rate in the
sample. (c) Extracted mass flow rate for all samples, as a function of the negative pressure [water potential, 	,
deduced from the imposed humidity, Eq. (21)], imposed by the liquid-vapor equilibrium with a subsaturated
vapor at the open edge of the sample. The slope of the lines is proportional to the ratio, κ/L, between the
effective permeability and the length of the composite structure [Eq. (20)]. Note that the vein sample was 1.5
times longer than the other samples. The measurements for the blank sample extend to 	 = −70 MPa (data
not shown but included in the fitting procedure).

Lowering p below psat increased the magnitude of the water potential 	(p), controlling the negative
pressure driving the flow to the open edge. As seen in Fig. 6(c), we observed for each sample a
linear relationship between the flow rate and 	(p) (i.e., a logarithmic dependence of Q on p), as
predicted by Eqs. (20) and (21). We extracted permeability ratios, κ/κ0 (see Sec. III D), using linear
fittings of the experimental data and Eqs. (1) and (20). See below for a general discussion of these
results [Sec. IV D and Fig. 8(b)].

We note here that transpiration experiments imply a pressure in the fluid that is negative:
P � 	(p) < 0 near the sample edge, see Eqs. (6) and (21). Bulk fluid at negative pressure is
under mechanical tension and is metastable with respect to the spontaneous nucleation of bubbles
(cavitation) [7,27]. In the experiments reported here, we could reach pressures down to 	 � −15
MPa (p/psat � 0.9) without cavitation in the microchannels. These values are consistent with
studies with similar devices, showing that the cavitation threshold of water in porous silicon and
glass assemblies is the range of −15 to −30 MPa [14–16,18]; in fact, this range is typical of water
cavitation in a variety of systems [27,36]. Plants themselves routinely operate with water at negative
pressures of a few MPa in magnitude [7,37].

For the blank sample with no macroscopic structure, we could extend the measurements down to
	 � −70 MPa (p/psat � 0.6) because this sample only contained nano-confined fluid, which can
be stable even at negative pressure [38]. We expect the liquid phase in the nanoporous layer to start
being unstable [inducing dewetting (desorption)] for 	(p) < −70 MPa [17,21].
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FIG. 7. Dynamics of spontaneous imbibition by capillary condensation [see Fig. 3(c)]. (a) Images recorded
during the experiments in the long sample when evacuated. The darker zone on top of the images is the
area wetted by the fluid (contrast has been enhanced for clarity). See Supplemental Material [22] for the
corresponding complete video. (b), (c) Dynamics of imbibition for all samples when evacuated (b) and air
filled (c), represented by the squared position, Y 2, of the wetting front as a function of time [see Fig. 3(c)].
Different colors represent the different sample geometries and black lines represent linear fits, indicating
Lucas-Washburn-like dynamics on average [Eq. (22)].

C. Imbibition

Figure 7(a) (see also Supplemental Material [22] for the corresponding movie) shows images
obtained during an imbibition experiment in a case in which the sample was initially evacuated
of air. The wetting front is clearly visible as a darker zone on the images, allowing us to analyze
the imbibition dynamics and extract the front position as a function of time, Y (t ), using image
processing (see Methods).

Figure 7(b) presents the measured dynamics for all samples when they are evacuated. Clearly,
there is a strong enhancement of the imbibition speed when the aspect ratio of the microchannels is
increased. This effect occurs because the evacuated channels behave as shortcuts for the transport
of water in the structure through the efficient convective flow of pure water vapor, in parallel with
the less efficient liquid flow in the nanoporous layer [see Theory, Sec. III, Eq. (10)].

The data also displays an apparently intermittent dynamics [clearly visible, e.g., for the long
sample—blue curve in Fig. 7(b)], which contrasts with the usual continuous progression predicted
by Lucas-Washburn theory (Y ∼ √

t) for the wetting front into a homogeneous porous medium. The
visible jumps in the dynamics (see movie in the Supplemental Material [22]) occur when the front
advances quickly across a row of microchannels. However, over longer times, the movement of the
front follows a trend with Y 2 ∝ t scaling, as shown by the dashed, black lines in Fig. 7(b); these
lines were obtained by a linear, least-squares fit of the data.

The Lucas-Washburn-like dynamics that we observe when considering the dynamics on dimen-
sions much larger than the length of a single row of microchannels can be explained in the standard
way that applies to a imbibition in a uniform porous medium [21,34,35]. First, the driving force
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FIG. 8. Predicted and measured effective permeabilities for the different sample designs. All graphs have as
the x axis the permeability ratio, κ/κ0(simul.), which is predicted by numerical simulations, assuming that the
microchannels are infinitely conducting (see Sec. III, Simulations paragraph). We use the value of κ/κ0(simul.)
as a reference measure for the different samples, using the values listed in Table I. We compare this reference
to values obtained with (a) the approximate analytical approach [Eq. (17), Table I] and (b) steady-state flow
measurements (transpiration, circles; high pressure, squares). (c) Spontaneous imbibition in evacuated samples
(downward triangles) and in air-filled samples (upward triangles); no data is shown for evacuated imbibition of
the vein sample because the dynamics in this situation is not Lucas-Washburn-like. In all panels, the continuous
black line corresponds to a linear 1:1 correlation. The flat, dashed line in (c) corresponds to κ/κ0 = 1 (effective
permeability independent of microstructure geometry), as predicted when microchannels contribute negligibly
to transport; this case is expected when microchannels are filled with air [see Eqs. (11) and (12)]. All panels
use a log2 scale for both x and y axes. Uncertainties are smaller than symbol size.

for the imbibition flow as described by Eq. (22) is the capillary pressure difference, 	(p) − �Pc

in the nanoporous layer, which is not impacted by the presence of the microstructure. Second, the
response to this driving force is determined by the permeability of the wet zone between the open
edge and the imbibition front; as the front progresses and more and more rows of microchannels are
wetted, the behavior of this wet zone approaches the behavior of a homogeneous medium, with a
permeability that should match that measured with other methods (high pressure and transpiration)
and that predicted by our numerical simulations (see Fig. 5 and Table I). The hydraulic resistance
of this wetted zone grows in proportion to its lengthY such that the speed decreases ∼1/Y and the
front advances ∼√

t .
From the slope, ω of the linear fits in Fig. 7(b), we have extracted effective permeability ratios,

κ/κ0 = ω/ω0 using Eq. (22), assuming that the balance of capillary pressures driving the flow
(	(p) − �Pc) was constant across experiments; this assumption originates from the use of the
same condensation humidity in all imbibition experiments (	(p) constant) and of the pore capillary
pressure being dictated by the poSi layer independently of the microstructure superimposed to
it (�Pc constant). We compare the obtained values to that of other methods and simulations in
Sec. IV D and Fig. 8(b).

Noticeably, the vein sample displayed imbibition dynamics [Fig. 7(b)] that could not be easily
fitted with a Lucas-Washburn equation; this is consistent with the previous remarks, given the fact
that the vein sample only contained one row of microchannels that spanned nearly the entire length
of the sample; as such, its dynamics cannot be accounted for with an averaged, effective medium
approach as the detailed dynamics of filling a unit cell accounts for most of the observed dynamics.
Notably, the vein sample started with much slower dynamics than all other samples, even blank.
We hypothesize that this slow initial propagation occurred because the very long microchannel
acted as a sink for water molecules, and the observed delay corresponded to the time required
to saturate the porous area below the microchannel. In Appendix D, we show that we expect the
timescale of such a process to be τ ∼ 2dLcell/ω0, with Lcell = � + 2d the length of the unit cell, and
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ω0 the Lucas-Washburn coefficient of the nanoporous layer [see Theory, Eq. (22)]. For the porous
silicon that we have used in our samples, and with an applied humidity of p/psat = 0.93, we expect
ω0 � 5 × 10−9 m2/s [21]; with the dimensions of the vein sample (see Table I); with these values,
we estimate τ ∼ 25 min, consistent with the dynamics observed in Fig. 7(b). In comparison, similar
estimates with the other samples with microstructures (square, short, long) yield τ < 20 s, much
shorter than the observed imbibition dynamics in Fig. 7(b). As a result, we do not expect the filling
time of individual rows of cells to be limiting for these other geometries.

Interestingly, when doing experiments with the exact same structures but containing air instead
of pure water vapor, the effects related to the microstructure (speeding up of the invasion front,
intermittent dynamics) were completely lost and all samples displayed the same continuous Lucas-
Washburn dynamics as for a purely nanoporous sample (Figure 7c). This observation is consistent
with our prediction [see Theory, Eqs. (10) and (11)] that the vapor transport mechanism in the
microstructure changes from convective (evacuated) to diffusive (in air) and becomes less efficient
than liquid transport in the nanoporous layer. Thus, the microstructure should have no visible effect
on imbibition dynamics when filled with air at ambient pressure.

As a result, a single sample can exhibit vastly different transport properties depending on how
it was prepared (evacuated vs air-filled). In other words, samples that behave the same way with
respect to imbibition when they are filled with air can reveal their microstructure when evacuated,
and a single geometry can display a wide range of water transport dynamics.

D. Global results

Figure 8 summarizes the effective permeability measurements obtained from numerical simula-
tions, analytical estimates, and from all the experimental approaches developed above. Figure 8(a)
compares the approximate, analytical estimate [Eq. (17)] to numerical simulation results and is a
graphical representation of the rightmost two columns in Table I. While we use finite difference
simulations as a reference, it is sometimes more convenient to use simpler approaches for design
rules of thumb. As can be seen in Fig. 8(a) (and more generally in Fig. 5), Eqs. (17) and (18) provide
reasonable estimates of what can be expected for a particular geometry, with typically less than 20%
error in κ/κ0 when the surface coverage of the microchannels exceeds 0.3.

Figure 8(b) presents the permeability ratios estimated from steady-state flow with liquid-filled
microstructure, using two different methods (high pressure and transpiration) for all samples. The
agreement with the predictions from our simulations is excellent (<15% deviations), except for
the transpiration result for the square sample (experiment ∼70% larger than expected). Since this
outlier measurement was historically the last one in the series made with the square sample and all
previous measurements (high pressure, evacuated imbibition, imbibition in air) were consistent with
expectations, there is a possibility that this sample was damaged before the last run, e.g., developed
a leaky bond between glass and silicon.

Finally, Fig. 8(c) presents effective permeabilities obtained from experiments of spontaneous
imbibition dynamics. In these experiments, the microstructure was not liquid-filled anymore, but
filled with pure water vapor (evacuated case) or with a mixture of water vapor and air (air-filled
case).

For imbibition in evacuated samples [Fig. 8(c), downward triangles], the permeability ratio
extracted from the experiments is very close to that calculated with our simulations (Fig. 5), which
assume infinite permeability in the microchannels. We note, however, a trend of slower dynamics
than predicted (from 10% slower for the square sample, up to 27% slower for the long sample),
which might be a sign that the permeability of vapor-filled elements should be considered large but
not infinite. It is also possible that the complex, intermittent dynamics observed on the local scale
[Fig. 7(b)] plays a larger role in the global front progression than assumed in our effective medium
approach.

For imbibition in the same samples filled with air [Fig. 8(c), upwards triangles], as discussed
previously [Sec. IV C and Fig. 7(c)], the effect of the microstructure vanishes and all samples
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become equivalent. This is because, given the permeability of the poSi layer and the geometry of
our microstructure, diffusive water vapor transport through air in the microchannels is significantly
less efficient than liquid transport in the nanopores [Eq. (11)]. Note, however, that all samples
display κ/κ0 slightly above 1, which might suggest that air-filled elements have a small, but
non-zero conductivity. This remark is consistent with our order-of-magnitude estimates in the
Theory section [Eqs. (9) and (10)].

We conclude that our proposition that liquid-filled or vapor-filled microchannels act as local
shortcuts for water transport is consistent with our experimental results, and that we can accurately
predict the associated increase of effective permeability across a structure containing a large arrays
of these elements, as a function of the geometry of the individual components.

We have also shown that the design of our composite structures allow us, for a single geometry, to
activate or deactivate transport in the microstructure by changing its filling state (evacuated vs air).
Note that this transition as a function of filling state occurs because of the specific combination of
geometries and physical properties of our composite structures. Different choices, e.g., of channel
depth, or in the typical pore sizes or porosities of the nanoporous layer (i.e., in its permeability, κ0)
might not satisfy the inequalities described in the Theory section [Eq. (12)], which are necessary to
observe this change in behavior.

V. CONCLUSION

In this paper, we have investigated water transport in composite structures that combine a
nanoporous layer and regular arrays of microchannels, inspired by the vascular structures of plants
(xylem). We have shown that we could accurately predict transport properties as a function of the
geometry of the microstructure (aspect ratio of its elements) in a variety of situations: high pressure,
transpiration, imbibition in air, imbibition in vacuum.

In all these experiments, the nanoporous layer is always filled with liquid water, while the
contents of the microstructure depends on the situation: liquid water during high pressure flow
and transpiration, water vapor either pure or mixed with air during imbibition. We have shown that
we can take advantage of the different transport mechanisms associated with each situation to tune
the transport properties of the structures. In particular, a single structure can switch from a highly
conductive state to a low-conductance one by introducing air within the elements. Conversely, evac-
uating the air or refilling the microchannels with liquid makes the structure highly conductive again.
As a result, structures with different geometries can be identical with respect to transport when filled
with air but reveal vastly different transport properties in other situations. This switchable behavior
results from a careful design (physical properties and geometry) of the sample structure, which is
required to fulfill inequalities between the magnitudes of transport mechanisms.

Our estimates of the relative importance of these various mechanisms can guide the design of
innovative, switchable structures, but can also potentially shed light on transport dynamics, e.g., in
plants subject to embolism during drought events or during moisture absorption or drying in wood,
soil, or concrete. Future work should help resolve the dynamics in more complex geometries (e.g.,
three-dimensional, nonregular, etc.).
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FIG. 9. Micrographs of all samples used in this study. The scale bar serves for all images.

APPENDIX A: SAMPLE PICTURES

For the present study, we have used five different samples, the properties of which being listed
in Table I. In Fig. 9, we also provide actual micrographs of all samples. The micrographs for the
square and long samples are identical to those in Fig. 2(b).

APPENDIX B: HIGH PRESSURE EXPERIMENT

In Secs. II B 1 and IV A we have described high pressure flow experiments, from which the
permeability of the composite structures can be estimated. In Fig. 10, we have provided an example
of a partial image sequence obtained in one of these experiments.
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FIG. 10. Example of high pressure-driven flow, here with the short sample, at 2500 psi (� 17 MPa)
driving force (contrast has been enhanced for clarity). The sample was taken out of the pressurized vessel
approximately every two hours and its filling state was measured from micrographs. Typically, the meniscus
split between the large channel and the serpentine channel, so we had to track several liquid-vapor interfaces
to measure the filled volume variations (white arrows).

APPENDIX C: MAXWELL-GARNETT APPROACH FOR PREDICTING κ/κ0

To predict the permeability, κ , of two-dimensional composite structures containing arrays of rect-
angular inclusions (axial aspect ratio, ξ = �/w, covered areal fraction, γ ) of infinite permeability
embedded in a nanoporous matrix, we adapt a calculation based on the Maxwell-Garnett effective
medium approach [29,32], made by Zimmerman [33] for ellipses. Our derivation (see also Ref. [31])
assumes that ellipses and rectangles with the same geometrical properties (ξ , γ ) should have similar
effects on effective permeability.

Zimmerman considered a homogeneous matrix (permeability, κ0), with an unperturbed flow of
constant velocity, V0, aligned with an axis, X , created by an imposed pressure gradient. Zimmermann
then evaluated the perturbation induced by circular region A of radius, R, added within the matrix.
This region contains N ellipses of permeability κ1, randomly distributed and randomly oriented
(angle, θ , with respect to the flow direction). By summing the contribution of all individual ellipses,
Zimmerman showed that the perturbed velocity field at some large distance outside of A follows

V̄ = V0

[
1 − γ (1 + α)(1 − r)

2(1 + αr)(α + r)

(
R

Z̄

)2

〈[(α + r) cos θ − i(1 + αr) sin θ ] exp(iθ )〉
]
, (C1)

where V̄ = VX + iVY is the complex velocity field, Z̄ = X + iY is the complex position with respect
to the center of A, r = κ1/κ0 is the permeability contrast between the ellipses and the matrix, α =
1/ξ = w/� is the lateral aspect ratio of the ellipses, and 〈〉 is an average across all orientations. Note
that compared to Eq. (2.5) in Zimmerman’s article, we have already replaced N�2α by γ R2, using
the fact that the areal ratio is γ = π�w/(πR2) and w = α�.

In our case, all microchannels are aligned, with an angle θ = 0 with respect to the flow. As a
result, the average 〈· · · 〉 evaluates to α + r and Eq. (C1) becomes

V̄ = V0

[
1 − γ (1 + α)(1 − r)

2(1 + αr)

(
R

Z̄

)2
]
. (C2)

Maxwell-Garnett’s effective medium approach consists of equating this flow field with that
created by a single, circular void with the same radius, R, behaving as a homogeneous medium
with effective permeability, κ [33]:

V̄ = V0

[
1 − κ0 − κ

κ0 + κ

(
R

Z̄

)2
]
. (C3)
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FIG. 11. Comparison between κ/κ0 obtained from numerical simulations (symbols) and from an analytical,
Maxwell-Garnett-like approach [lines, Eq. (C7)]. Data from simulations and color coding are the same as
in Fig. 5(b) from the main text. The inset on the right shows a magnification of the data for small aspect
ratios, as indicated by the gray rectangle. Note that ξ < 1 corresponds to microchannels with their longest axis
perpendicular to the direction of the flow.

Equating Eqs. (C2) and (C3), one can show that the effective permeability follows [31]

κ

κ0
= 1 − βγ

1 + βγ ,
(C4)

with

β = (1 + α)(1 − r)

2(1 + αr)
(C5)

or, if we consider infinitely conducting inclusions (r → ∞), β = −(1 + 1/α)/2; in other words,
since α = 1/ξ ,

β∞ = − 1
2 (1 + ξ ). (C6)

Combining Eqs. (C4) and (C6), we finally obtain(
κ

κ0

)
∞

= 2 + (1 + ξ )γ

2 − (1 + ξ )γ .
(C7)

Figure 11 compares predictions from Eq. (C7) and the results of our numerical simulations (see
main text, Fig. 5). As can be seen in Fig. 11, Maxwell-Garnett’s approach performs better at low
areal fractions; this is expected since this approach assumes low densities of inclusions (ellipses) to
neglect interactions between neighboring inclusions.

APPENDIX D: UNIT CELL FILLING TIME

We consider a unit cell at the edge of a sample, and we assume that the microchannel within
that unit cell has infinite permeability, thus efficiently redistributing water molecules in the whole
unit cell instantly. We also assume that the process limiting the uptake of water by the nanoporous
medium in the whole unit cell is the transfer of water between the edge and the microchannel, over
a distance � d (with a cross section S = Hp(w + 2d )). Since this nanoporous edge limiting the
flow consists of just the nanoporous layer, it has the same permeability as the blank sample, i.e.,
κ0. Similarly to the case of imbibition described in the main text, the driving force for liquid flow
in that nanoporous edge is �P = 	(p) − �Pc. Thus, from Darcy’s law [Eqs. (2) and (13)], the
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corresponding mass flow rate Q = dm/dt [kg/s] is

Q = ρSκ0
�P

d
. (D1)

The total mass of water required to fill the nanoporous volume contained in the unit cell is m =
ρφHp(w + 2d )(� + 2d ); as a result, the typical filling time is τ ∼ m/Q or, from Eq. (D1):

τ ∼ φdLcell

κ�P
, (D2)

where Lcell = � + 2d is the total length of the unit cell. One can recognize the Lucas-Washburn
velocity ω0 = 2κ0�P/φ [m2/s], so

τ ∼ 2dLcell

ω0
. (D3)

APPENDIX E: SUPPLEMENTAL MATERIAL VIDEO

The Supplemental Material video shows the dynamics of imbibition of the long sample, under
vacuum conditions (imbibition triggered by the capillary condensation of pure water vapor). The
video is accelerated approximately 200 times.
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