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Controlling fluid flow is a fundamental problem with applications from biomedicine to
environmental engineering. Contemporary solutions combine electromechanical sensors,
valves, and pumps; however, these are expensive and difficult to maintain. We report an
autonomous flow control principle inspired by vascular transport in plants. Combining
experiments on real and biomimetic tissues, we show that networks of cells linked by
nonlinear valves permit the physical programming of a nearly arbitrary pressure drop
versus flow rate relation. The nonlinearity is a consequence of fluid-structure interactions
that allow a flexible element to selectively block the valve aperture. We report four
applications: parallel connections that function as (i) a nonlinear flow controller, (ii) a
constant flow controller, (iii) a reverse Ohm flow controller, and a serial connection that
acts as (iv) a fluidic on-off switch.

DOI: 10.1103/PhysRevFluids.6.123102

I. INTRODUCTION

Fluid flow control is a key enabling technology, with applications ranging from water mains to
chemical processing, drug delivery, and robotics [1]. Present technologies combine sensors with
computerized valves and pumps that accurately modify the conductivity of feed pipes or input
pressure in real time. New and vital areas that require flow control at unprecedented scales are
becoming evident, such as disease detection, drug infusion systems, and synthetic organs [2–4].
Other applications, in some cases arising as a consequence of climate change, such as irrigation and
flood protection, are equally challenging [5,6]. However, expanding current automated technology
to meet demands in all these areas is prohibitively energy intensive and expensive. This provides
strong impetus for developing new, versatile, and inexpensive autonomous flow control systems.

To overcome this obstacle, we report a bio-inspired flow control concept that draws inspiration
from the physics of water transport in trees. Despite the absence of cerebral matter and centralized
control, plants are able to effortlessly guide water transport across networks of xylem cells that dwarf
the vascular systems of all other living organisms [Fig. 1(a)]. We report here a striking feature of the
xylem: when exposed to substantial pressure gradients, the xylem tissue acts as a passive constant
flow controller. We exploit this feature to design programmable biomimetic plants in which almost
any pressure-flow curve imaginable can be obtained.
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FIG. 1. Fluid-structure interactions enable passive flow control in plants. (a) Xylem cells linked by pit pores
form a microfluidic network in plants to replace water lost from leaves during transpiration. (b) Normalized
xylem flow rate Q as a function of pressure drop �p across short branch segments. We observe constant flow
above �p ≈ 0.1 MPa. The dashed line represents the behavior of a random network model [Eq. (6), see details
in the text]. (c) Microstructure of cell-to-cell torus-margo pit pores. Cellulose fibrils deform under mechanical
stress, thus gradually blocking flow across the pore as the pressure reaches the critical value σ . Panel (c) is
adapted from Bauch et al. [9], reproduced with permission.

Constant-flow characteristics in trees could be a consequence of the evolved resistance to
embolism, a feature that prevents catastrophic loss of transport capacity due to severe drought stress
[7,8]. It could also represent an adaptation to preventing water loss due to a sudden increase in
evaporation rate on timescales faster than the stomata response time due to sun flex, hot dry wind,
or tissue damage. We find that these remarkable flow features can be attributed to transport across
pressure-sensitive torus-margo pit pores that link adjacent conduits in conifers. These valves contain
a flexible element which can deflect to selectively block a microfluidic channel, depending on the
applied pressure. Each pit pore thus acts as a pressure-sensitive nonlinear valve.

Inspired by the vegetal flow patterns, we show that simple networks of biomimetic valves can
achieve nearly arbitrary pressure-drop versus flow-rate characteristics. Basic microfabrication and
three-dimensional (3D)-printing techniques allow us to control the properties of the valves with
integrated soft elements. Our devices are programmable and able to demonstrate user-defined target
pressure-flow characteristics. We engineered different devices to demonstrate a variety of responses,
including a nonlinear flow controller, a constant flow controller, an inverse Ohm flow controller, and
a fluidic on-off switch.

II. RESULTS

More water passes through plants as part of the global water cycle than any other class of living
organisms. For this reason, it is interesting to understand the basic physics of how water moves in the
xylem and, in particular, how the tissue permeability depends on the physicochemical conditions. To
quantify the effects of mechanical stress on the transport capacity of xylem, we conducted pressure-
driven flow experiments on short branch segments. These were subjected to an axial pressure drop
�p and we quantified the resultant liquid flow rate Q [Fig. 1(b)]. (See Supplemental Material [10]
for a description of the experimental methods.) Under standard physiological conditions, the cell-to-
cell pressure drop �p � 0.1 MPa, while extreme water stress corresponds to �p ≈ 1 MPa [11,12],
especially in the events associated with cavitation. Across this pressure range, our experiments
reveal a strikingly nonlinear pressure-flow response in cedar, cypress, gingko, and redwood, all
either conifers or members of related plant families [Fig. 1(b)]. In these species, the flow rate initially
increases with pressure, then peaks and saturates at an approximately constant level. In other words,
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FIG. 2. Fluid-structure interactions enable passive flow control in artificial pit pores. (a) 3D-printed syn-
thetic devices that replicate the torus-margo functionality [Fig. 1(c)]. In each device, liquid flows at a rate Q past
a flexible membrane which can deflect in response to the application of a pressure drop �p across the device.
(b) Flow rate Q plotted as a function of applied pressure �p for valves no. 1–3 (see Supplemental Material
[10]). The artificial pit pores have strongly nonlinear pressure-flow characteristics and we can independently
control the closing pressure σ and maximum flow rate Qmax by varying the device geometry. Dashed lines
indicate the analytical expression in Eq. (6). The inset shows the peak pressure �pmax as a function of the
system, in rough accord with Eq. (4). (c) Flow is restricted as the valve transitions from the open state to the
intermediate and, finally, closed configuration in response to pressure.

under high pressure differences, the xylem acts as an approximately constant flow controller. This
strongly contrasts with the widely presumed linear relation between pressure and flow under natural
(low-pressure difference) conditions, in accord with Ohms and Darcys laws [13], which we observe
when �p is relatively small. The underlying physical effects responsible for the observed nonlinear
xylem flow control are unknown. We nevertheless note that soft materials are present in the gate
structures [Fig. 1(c)]. Indeed, a particular characteristic of species that exhibit the flow in Fig. 1(b)
is that the cell-to-cell torus-margo pit pores [Fig. 1(c)] contain flexible elements that could deform
and impact flow [14,15].

To elucidate the underlying processes responsible for xylem flow control, we designed, fabri-
cated, and characterized synthetic torus-margo pit pores (Fig. 2 and Supplemental Material [10]).
The devices are geometrically similar to, and contain the same major components as, their biological
counterparts: a membrane which can deflect to selectively block a fluidic channel, depending on
the applied pressure. The synthetic pit is, however, somewhat larger than the natural system (gap
height h ≈ 100 μm and membrane diameter 2R ≈ 5 mm vs h ≈ 1 μm and 2R ≈ 10 μm in natural
pits). Also, the flexible elements are softer (Young’s modulus E = 0.9 MPa vs E ≈ 0.5 GPa in pits
[16]). The flow speed is reasonably slow in both the plant (v ≈ 10−3 m/s) and the artificial pore
(v ≈ 10−1 m/s). The typical Reynolds number Re = ρvh/η is Re ≈ 10−1 in the plant and Re ≈ 10
in the biomimetic system; hence the flow is dominated by viscous effects in both cases. Here, ρ is
the liquid density and η is the viscosity. We note, however, that inertial effects generally lead to an
increase in resistance when Re > 10 [17].

Returning to the flow characteristics of the synthetic pit pores, we observe that the flow rate Q
initially increases linearly with applied pressure �p [Fig. 2(b)]. However, after reaching a peak flow
Qmax at the applied pressure �pmax, the current is gradually reduced. Finally, the soft valve shuts
off completely at the closing pressure �p = σ , which is typically 3–5 times larger than the peak
pressure �pmax.

The similarity between the tissue-scale flows in xylem (Fig. 1) and the synthetic pores (Fig. 2)
is notable and leads us to hypothesize that the constant flow behavior emerges from flow across a
network of conduits, characteristic of wood [18]. To comprehend the performance of a network,
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however, we must first develop a basic understanding of the individual components. The flow-rate
versus pressure-drop relationship for a single valve is determined by fluid-structure interactions, that
is, the nonlinearity in the valves is a consequence of the elastic properties and deformability of the
membrane [Fig. 2(c)]. Specifically, the applied pressure causes the membrane to deflect downwards,
which in turn reduces the gap height. This leads to an increase in the resistance to flow. Because
the Reynolds number is relatively small, it is reasonable to assume that the system is not too far
removed from ideal Stokes flow conditions. Moreover, because the gap height h is small relative
to both the radius R and thickness t of the membrane, we can use lubrication and plate theory to
explore the basic physics that control the relationship between pressure drop, deformation, and flow
rate.

The pressure drop �p across the gap can be expressed in terms of the flow rate Q and height h as

�p = −
∫ R

a
∂r p dr = 6ηQ

π

∫ R

a

1

rh3
dr. (1)

The height h of the gap below the membrane is the crucial component in the relation between
pressure drop �p and flow rate Q in Eq. (1). When the applied pressure is relatively small, the
membrane is hardly deformed and the gap height h = h0 is constant. The pressure drop versus flow
rate relation in this limit is

Q = π

6η

h3
0

ln(R/a)
�p = C�p, (2)

where

C = π

6η

h3
0

ln(R/a)
(3)

is the hydraulic conductance of the undeformed system. As pressure increases, however, the
membrane bends down and the gap height decreases. Using linear thin-plate theory [19], we can, to
a first approximation, express the gap height h as

h = h0(1 − �p/σ ), where σ ≈ E
h0t3

R4
(4)

is the pressure required to close the valve. Here, E is Young’s modulus of the membrane and t is
its thickness. Using this gap height in Eq. (1) leads to a nonlinear pressure drop versus flow rate
relation,

Q ≈ C�p(1 − �p/σ )3, (5)

in reasonable accord with experiments [Fig. 2(b)]. We note that the maximum flow rate Qmax =
3C�pmax/4 occurs at the peak pressure �pmax = σ/4, in accord with the data (Fig. 2). The state
of the pore, in both the natural and synthetic systems, is captured by the ratio �p/σ of the applied
pressure �p to the closing pressure σ . Under standard conditions, �p/σ � 1 and flow proceeds
unhindered. However, in cases when �p/σ ≈ 1, flow is strongly restricted.

Programmable flow in networks of nonlinear valves

To rationalize the experimental data [Fig. 1(b)]—and potentially use the synthetic torus-margo
(Fig. 2) in the design of autonomous flow control systems—we now proceed and consider pressure-
driven fluid transport across a network of nonlinear flow valves [Fig. 3(a)]. Our goal is to understand
the emergence of the constant-flow characteristics present in the plant data [Fig. 1(b)] and to
elucidate the general flow design principles. Specifically, we inquire under what conditions it is
possible to obtain an arbitrary target pressure-drop versus flow-rate relationship Qt (�p), such as a
constant flow controller, from an assembly of nonlinear valves.
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FIG. 3. Flow across assemblies of artificial pit pores. (a) Networks of nonlinear valves, such as parallel or
serial couplings, allow for a wide range of flow patterns. Each circle represents a device with representative
characteristics illustrated in Fig. 2(b). Straight lines symbolize rigid tubing. (b) When combining valves in
parallel, we typically obtain bimodal flow characteristics (arrows). (c) By coupling specific valves in parallel,
we can obtain a desired target flow rate Qt (�p) (dashed line) across the pressure interval from p1 to p2 (shaded
gray region), in this case constant flow (Qt = const). (d) The same principle illustrated on a reverse Ohm flow,
i.e., Qt = Q0 − k�p, corresponding to an approximately constant negative hydraulic resistance. (e) A serial
coupling of two valves allows us to generate a fluidic switch. See details in the text. The individual valve
properties are listed in the Supplemental Material [10].

Fluid flow in a network follows Kirchoffs laws, dictating that the algebraic sum of currents
across conductors meeting at a point is zero (

∑
Qi = 0) and that the directed sum of the pressure

differences around any closed loop is zero (
∑

�p j = 0). Closed-form solutions for circuits are
available; for a review, see, e.g., [20]. However, standard methods fail to capture flows across net-
works of nonlinear resistors, such as torus-margo pit pores. To unveil the basic network dynamics,
it is useful first to consider the interaction of two valves, labeled a and b, with flow rates Qa =
Ca(1 − �pa/σa)3 and Qb = Cb(1 − �pb/σb)3; cf. Eq. (5). For a parallel coupling, the same pressure
drop �p = �pa = �pb is applied across both elements and the total flow rate Q is found by adding
the individual contributions, i.e., Q = Qa + Qb = Ca(1 − �p/σa)3 + Cb(1 − �p/σb)3. This princi-
ple is illustrated in Fig. S3(a) of the Supplemental Material [10]. We will return to a more detailed
discussion of parallel couplings below. Before proceeding, however, we briefly consider a serial cou-
pling of the same elements. Here, the currents across all components, Q = Q1 = Q2, are equal, but
the pressure drop �p must be divided between the two resistors, i.e., �p = �pa + �pb. A general
feature of the �p − Q relation for each valve [Eq. (5)] is that there are two compatible pressures
�p{l,r}(Q) available for a given flow rate Q. Here, the superscripts l and r indicate values to the
left or right of the peak flow rate Qmax, respectively. For flow rates Q > Qmax, there is no solution.
The flow rate across both elements Q must therefore fall in the range 0 � Q � min(Qmax,a, Qmax,b)
limited by the smallest of the two peak flow rates. For a Q in this range, the two valves yield
four combinations, i.e., �p = {�pl

a + �pl
b,�pl

a + �pr
b,�pr

a + �pl
b,�pr

a + �pr
b}. Finally, if the

pressure drop �p > min(σa, σb) is greater than the smallest closing pressure min(σa, σb), there is
always the option that one of the valves is closed, i.e., Q = 0. The behavior of a basic serial coupling
is illustrated in Fig. S3(b) of the Supplemental Material [10].

Our initial analysis of two network elements revealed the possibility of nonlinear pressure-flow
relationships (see Fig. S3 of the Supplemental Material [10]). To expand upon these results, we
proceed to consider the general case of N parallel valves where the total current Q corresponds to
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the sum over the individual elements,

Q(�p) =
N∑

n=1

Cn�p

(
1 − �p

σn

)3

=
N∑

n=1

Cnqn, (6)

where the index n labels the characteristics of each valve and qn = �p(1 − �p/σn)3. Consistent
with Eq. (6), we typically observe bimodal pressure-drop versus flow-rate characteristics when
linking multiple valves [Fig. 3(b)]. Experiments also confirm that the total flow is equal to the
algebraic sum over the constituent valve components; see Fig. S4 of the Supplemental Material [10].

Applying the parallel coupling model in Eq. (6) to the biological data in Fig. 1(b) is not
straightforward, since we do not know the precise physical properties (i.e., conductance C and
closing pressure σ ) of the individual torus-margo pit pores. Also, substantial differences in vascular
network architecture between species has been reported [18,21], and it is possible that some of the
variation in the Q − �p characteristics can be attributed to structural differences. Here, we assume
for simplicity that the network can be represented by a parallel coupling according to Eq. (6) and
that the uncorrelated parameters are drawn from a uniform distribution. This minimal model leads to
the dashed black curve in Fig. 1(b), which is not inconsistent with data, except for pressures above
�p = 1.5 MPa, where a clear deviation is observed, possibly due to leakage through the central
disk, or via small imperfections in the seal between the disk and the cell wall. The mean closing
pressure 〈σ 〉 is the only fitting parameter, which determines the pressure at which the maximum
flow occurs, �pmax ≈ 0.3〈σ 〉. (The value 〈σ 〉 = 2 MPa was used.) It is possible to obtain an even
better fit by optimizing the probability density functions, but we will not do that here.

Having established the validity of Eq. (6) for flow across simple valve networks, and having
justified that it can be used on larger sets as well, we return once again to the design question
posed earlier: under what conditions is it possible to obtain an arbitrary target pressure-drop versus
flow-rate relationship Qt (�p) from an assembly of nonlinear valves? Because of the strikingly
nonlinear properties of the individual valves (Fig. 2), we can conceptually treat the expression for
the total flow rate emerging from a parallel coupling [Eq. (6)] as analogous to a nonorthogonal series
expansion [22] of the flow rate Q. The basis functions are the pressure-flow curves for individual
valves [Eq. (5)]. Given a desired target flow-rate function Qt and fixed number of valves N , it is in
fact straightforward to determine the parameters (conductance Cn and closing pressure σn) which
minimize the difference between Q and Qt , either by linear algebra or by a numerical scheme (e.g.,
simulated annealing). To illustrate the algebraic procedure, we first consider a set of N valves with
known closing pressures σn=1,...,N . Our goal is to determine the optimal choice of amplitudes Cn such
that the target Qt and actual flow Q differ by as little as possible. This corresponds to minimizing
the mean square difference,

I =
∫ p2

p1

(
Qt −

N∑
n=1

Cnqn

)2

d (�p), (7)

where p1 and p2 delimits the pressure interval of interest [see gray regions in Figs. 3(c)–3(e)].
Following the standard procedure used in, e.g., a Fourier series, we take the derivative with respect
to Cm in Eq. (7). This leads to a linear equation system for the valve parameters Cn, which can be
readily solved using linear algebra,

N∑
n=1

CnAnm − Bm = 0 for m = 1, 2, ..., N, (8)

where the matrix elements are

Anm =
∫ p2

p1

qmqnd (�p) and Bm =
∫ p2

p1

qmQt d (�p). (9)
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Minimizing Eq. (7) using a fixed set of valve parameters, σn (n=1,...,N ), that are, for instance, equally
spaced provides a relatively close approximation to many target functions. We note, however, that in
some instances the algorithm can yield unphysical negative Cn values. To mitigate the limitations to
the analytical approach, we used simulated annealing, allowing both Cn > 0 and σn > 0 to vary in
the optimization process. For a fixed number of valves N , the two methods provided similar values
of the optimization measure I in the majority of cases.

Having established a protocol for physically programming a given pressure-drop versus flow-rate
relation into geometric and material parameters, we now proceed to briefly discuss three examples
(Fig. 3). With just three components, we fabricated a constant flow controller [Qt = const; see
Fig. 3(c)], with characteristics that are remarkably similar to plant flow data [Fig. 1(b)]. Moreover,
we can program trees with many other notable flow profiles. A particularly challenging example is
the reverse Ohm controller, with target flow Qt = Q0 − C�p, corresponding to a negative constant
hydraulic resistance. In this system, flow decreases linearly with pressure. Our synthetic tree is able
to achieve this with just N = 3 components [Fig. 3(d)].

Our results illustrate that a suitable parallel superposition of valves can generate many flow
characteristics. A notable exception, however, are switches that enable a rapid on-off transition
in the flow characteristics. This feature, however, can exist in a serial coupling [Fig. 3(e)]. The
physical mechanism responsible for the relatively rapid transition is that a given pressure drop �p
must be distributed across the components as a sum, �p = �p1(Q) + �p2(Q) + · · · + �pN (Q).
As previously discussed, however, there are cases in which the only solution to this equation
corresponds to the closed state Q = 0, and hence the rapid transition (see also Fig. S4 of the
Supplemental Material [10]).

III. DISCUSSION AND CONCLUSION

We have demonstrated a physical process that takes advantage of fluid-structure interactions to
control fluid flows. Our results also offer insights into the physics of water transport in the xylem
tissue of vascular plants. We begin this section with a brief discussion of the biophysical implications
before concluding with a comment on the fluid physics.

Xylem cells carry water from roots to leaves in vascular plants. The conduits are connected by
microscopic pit pores that permit water flow between adjacent channels (Fig. 1). Our experiments
revealed strongly nonlinear flow properties of plant xylem that appear to be intricately linked to
microscopic deformations in the cell-to-cell conduits. The artificial pit pore model supports this
postulate. It is well established that a sufficiently large cell-to-cell pressure difference �p will
cause the pores to close. This typically occurs to prevent gas pockets from migrating between
cells [7,8,12,23–25]. At the interface between two liquid-filled neighbors, however, the pressure
difference over the pit is widely believed to be too small to cause aspiration (i.e., �p/σ � 1)
[25–28]. However, the observed nonlinearity might also be an intrinsic functionality, enabling rapid
flow control to prevent catastrophic water loss in response to strong localized transpiration stream
fluctuations or tissue damage, where �p/σ ≈ 1, or to ensure a uniform supply of water throughout
the organism [29,30]. This mode of flow control may also be crucial in allowing time for stomatal
response in a highly variable environment of tree canopies (changing wind speed, variable vapor
pressure deficit, exposure to sun flexes) where the dynamics of flux exceeds the response time of
stomata. This would allow for a temporal limitation of flow, assuring that such short events do not
cause long-lasting damage to xylem functionality. Fluid-structure interactions at the cell-to-cell level
may thus be central to understanding the remarkable ability of plants to direct fluid flows without a
centralized control unit.

The biological experiments provide inspiration for rethinking the fluid physics of man-made
liquid handling systems. By exploiting the flow control principles deployed by plants, we have
designed a variety of synthetic flow controllers. These rely on operating at or near the critical point
�p/σ ≈ 1 where individual valves alternate between the open or closed state. The applications
considered include a constant current source, a reverse Ohm controller, and a fluidic gate. The
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systems operate autonomously with no energy input or sensor feedback. Notably, we have shown
that the framework is programmable, capable of encoding essentially any pressure-drop versus flow-
rate characteristic in a few simple components. This represents a potential future advance in flow
control technology, complementary to existing devices [31–33].
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