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SUPPLEMENTARY INFORMATION
Experimental method
3D leaflets

Fig. 1A of the Main Text shows our design of a 3D
valve inspired by 3D scans of lymphatic valves [1]. In this
study, we aim at characterizing the influence of the leaflet
shape on the flow. Therefore, instead of transferring the
exact shape of the lymphatic valve to our 3D printer,
we characterized this peculiar shape with 7 geometrical
parameters described in Fig. S1 and in the following
lines. The cylindrical channel has a thickness thtube = 1
mm and a minimum internal diameter Dr = 10 mm. The
enlargement in the middle, corresponding to the sinus
region, has a larger radius Dmax = 14 mm reached over a
distance Hmd = 10 mm. The total length of the printed
channel is 43 mm. The 3D leaflet is connected to the
cylinder on its side. The initial angle θ0 is measured
at the center of the leaflet and was varied from 60◦ to
90◦ . The leaflet minimum length a3D = 4.9 mm and
its thickness thvalve = 1 mm were kept constant. The
whole valve was printed out of Agilus 30 Clear (Young’s
modulus 0.6 MPa). This gives a bending stiffness D= E
th3valve /(12(1 − ν)2 ) = 200 µN.m. We injected silicone
oil of viscosity 1 Pa.s using a syringe pump (Harvard
apparatus PhD Ultra) at a controlled flow rate Qin to
study the fluid-structure interaction. We measured the
two outflows Q1,out and Q2,out by determining the mass
rate of the silicone oil coming out of both ends.

2D leaflets

The 2D bio-inspired channel is shown in Fig. 2A of
the Main Text. The main channel is a rectangle of 60
× 10 mm with a depth of 2 mm. The left and right
sides of the rectangular channel are connected to tubes
that are themselves connected to a syringe pump (Har-
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Figure S1. Longitudinal cut of the schematic inspired from
3D scanners of lymphatic leaflets.

vard apparatus PhD Ultra) in push/pull configuration,
which allows to work in a closed environment. The channel is filled with a water-glycerol mixture at a viscosity
of η =0.3 ±0.05 Pa.s. The two holes inside the rectangular channel (highlighted by blue circles) are connected
to two pressure transducers (TR series TR1-0015G-101)
transmitting the pressure measurements to a computer
via a Data Acquisition System (LabJack U6-PRO). The
leaflets situated in the center of the design were printed
together with the channel by using a multi-material 3D
printer (Stratasys Objet500 Connex3). The channel was
made out of Fullcure 720 (Young’s modulus 3 GPa). The
same material was used to print rigid leaflets, while soft
leaflets were printed out of a mix of Agilus 30 Clear and
Veroblack plus (Young’s modulus 2 MPa). Once printed,
a transparent plexiglass plate of thickness 5 mm was
glued on top the rectangular channel to seal it. The deflection of the valve at a given flow rate was recorded
using a camera Basler acA3800-14um (3840 px × 2748
px resolution) with the Basler Lens C125-1620-5M F2.0
f16mm (resolution 0.4 µm).
Fig. 2B of the Main Text shows a close up on the two
leaflets anchored along the channel. For every experiments performed and every geometries studied, leaflets
were designed the same way. The rounded base, connected to the rigid channel ensures the cohesion between
both printed materials. The slightly thicker tip of the
leaflets was designed to avoid twisting along its axis while
allowing bending in the x-y plane. The leaflets have a
length h = 5.02 mm and a minimum (maximum) width
rmin = 0.5 mm (rmax = 1.5 mm). The thickness of the
leaflets was kept slightly smaller than the size of the channel (1.8 mm) to prevent friction while avoiding liquid to
flow around the leaflets.

Numerical simulations

To characterize the non-linear pressure-flow relationship observed in Fig. 2D of the Main Text, we performed
finite element simulations (Comsol 5.4) considering an incompressible and stationary flow at low Reynolds numbers and linear elastic approximation for the leaflets. The
numerical simulation domain is a 2D channel of length
L = 40 mm and width h = 5.1 mm that contains the
2D projections of one leaflet in its center (see Fig. 3A
of the Main Text). The length L is chosen long enough
for the Poiseuille flow to fully develop before reaching
the leaflets. The shape of the leaflet in the simulation
is taken identical to the shape used in the experiment
and we considered non-slip boundary conditions along
the channel and the leaflets. To reduce calculation time,
half of the system–below or above the central axis of the
channel–is simulated by virtue of symmetry. The simulation box together with its mirrored image is shown in
Fig. 3A of the Main text for clarity. In practice, the nu-
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merical simulation solved the following Stokes equations
in 2D
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where η is the viscosity of the fluid and p is the pressure
within the flow.
The results of the simulations are shown in Fig. 2CD
and Fig. 4 of the Main Text. To further characterize
the flow around both leaflets and confirm our theoretical
assumptions, we plot in Fig. 3A of the main text the
velocity profile of the system, showing that the gradient
of the velocity is mainly oriented along the y direction
and plot in Fig. S2A-C the pressure profile in the channel for 3 different initial angles θ0 = 40◦ , 60◦ and 80◦ ,
showing that the pressure gradient is mainly oriented in
the x direction. Furthermore, Fig. S2D and E detail the
pressure variation along the x axis in the middle of the
channel (indicated by the cross (A) in Fig. S2A) and inbetween the side of the channel and its middle (indicated
by the cross (B) in Fig. S2A) for the same initial angles.
The discontinuity in Fig. S2E is due to the presence of
the leaflet. In both cases and for all 3 initial angles, the
pressure quickly drops after the leaflet, indicating that
the influence of the leaflet on the pressure is much more
important than the pressure variation along the channel
without leaflets. The vertical dashed lines describe the
position at which the difference in pressure was measured
both in numerical simulations and experiments. Fig. S2
shows that the pressure barely drops before reaching the
leaflet and after the leaflet, indicating that the measured
pressure difference captures well the difference in pressure on each side of the valve.
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Table S1. Calculation of the terms in Eqs. (S1) and (S2)
obtained from numerical simulation in-between the leaflets.
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Figure S2. (A-C) Pressure (in Pa) in channels for 3 initial
angles θ0 = 40◦ , 60◦ and 80◦ and a flow rate Q =31 mL/min.
(DE) Pressure in the middle of the channel (D) or in-between
the middle of the channel and its base (E) issued from the
pressure fields shown in panel A-C. The higher pressure corresponds to larger initial angles. The discontinuity in panel
E corresponds to the position of the leaflet.

Theoretical model
Pressure-flow relationship

Similarly to the numerical simulations, we consider the
flow in-between the leaflets as a 2D problem. By considering a Stokes flow of an incompressible liquid, the x and
y components of the speed are described by Eqs. (S1) and

3
(S2). From the numerical simulations, we observe that
the flow profile in-between the leaflets is slowly varying
in the x direction (Fig. 3A of the Main Text) and that
the pressure within the channel barely varies along the y
direction compared to the x direction (Fig. S2). Therefore, similarly to the lubrication assumption [2], we as2
∂p
are of much larger
sume that the terms η ∂∂yv2x and ∂x
magnitudes than the other terms in Eqs. (S1) and (S2).
While we expect this assumption to limit the quantitative agreement with the measurements to long leaflets
and small initial angles θ0 (see, for example, the recent
study [3] on the influence of small aspect ratios on the
lubrication assumption), this approach allows for analytical predictions on the influence of the leaflets geometry
on the flow, as shown in Fig. 4 of the Main Text. With
these assumptions, Eqs. (S1) becomes:
0=−

∂ 2 vx
∂p
+η 2 .
∂x
∂y

(S3)

This leads to a velocity profile vx (y):
vx (y) = −

∂p h − 2w(x)
y
y(1 −
),
∂x
2η
h − 2w(x)

(S4)

where w(x) is the profile of a leaflet along the y direction,
meaning that h − 2w(x) describes the distance between
both leaflets and decreases as x increases. From the expression of the velocity, we obtain the 2D flow rate
Q2D = −

∂p (h − 2w(x))3
∂x
12η

(S5)

We now focus on relating this 2D flow rate to the flow
rate measured in the 3D channel. Since the z direction
has no impact on the fluid structure interaction, we average the flow gradient in the z direction by multiplying
Eq. (S5) by b/β, where b is the height of the channel
and β is a correction factor calibrated on measurements
performed with rigid leaflets, where the configuration of
the channel does not vary with the flow rate. Therefore,
we obtain
Q=−

∂p b(h − 2w(x))3
.
∂x
12βη

(S6)

The simulated flow profile showed in Fig. S2 shows that
the flow field comes back very quickly to a Poiseuille flow
inside a channel of size h × b after the valve. Therefore,
we assume that the flow rate after the valve is
∂p bh
.
∂x 12βη

p=

12βηQ
b
Z
+

a cos θ

1
dx0
(h − 2x0 tan θ)3
0

1
0
dx + pend ,
(h − 2a sin θ)3

Z
c

0

(S7)

In order to express the pressure within the channel as a
function of the flow rate, we have to integrate the pressure gradient given by Eqs. (S6) and (S7). To this end,
we model the leaflet profile w(x) as a thin and rigid plate

(S8)

where a cos θ is the length of the leaflets projected on the
x axis. The first integral corresponds to the pressure in
between the leaflets and is dominant at small angles θ,
while the second integral corresponds to the pressure at
the tip of the leaflet and is dominant for θ near 90◦ . The
pressure at the downstream end of the valve pend is given
by

pend =

12βηQL
,
bh3

(S9)

where L is the length of the channel at the downstream
end of the valve. Given the small variation in pressure
before the leaflets and after the leaflets observed in the
numerical simulations (see Fig. S2), we assume that the
pressure sensors exactly measure the pressure difference
on each side of the valve p−pend , even if they are situated
few centimeters away from the valve.
The next step to relate the pressure difference to the
flow rate is to characterize the deformation of the leaflets.
The stiffness of the leaflets is modeled as a torsion spring
of stiffness k located at the base of the rigid plate. The
stiffness of the torsion spring is modeled using the expression k = EI/L, where the young modulus E and the
leaflet length L are given in the experimental method
section and the second moment of area I is calculated at
the minimum thickness of the leaflet (where we have a
section of 1.8 × 0.5 mm). The equilibrium angle of the
leaflets θ is set by the balance between the torque applied
by the flow on the rigid plate and the torsion spring
k(θ − θ0 ) =

a cos (θ)

Z

x0 δp1 (x0 )dx0

0

Z

3

Q=−

of length a and angular position θ with a horizontal ledge
of length c at its tip (see Fig. 3b of the Main Text). The
length of the ledge is chosen as the radius of curvature
of the leaflet tip c = 0.38 mm, shown in Fig. 3a of the
Main Text. This ledge allows to take into account the
influence of the leaflets thickness where the pressure is
maximum within the channel. With this modeling of the
leaflets, the pressure upstream of the leaflets is

a cos (θ)+c

+

(S10)
0

0

0

x δp2 (x )dx ,
a cos (θ)

where the first term describes the torque due to the
flow in between the leaflets and the second term describes the torque due to the leaflet thickness. ThereRl
1
dx00 is the difference
fore, δp1 (x0 ) = 12βηQ
b
x0 (h−2w(x00 ))3

4
of curvature of the tip. Therefore, Eq. (S10) becomes



cos(θ)2 α(3α − 2)
−
2
log(1
−
α)
θ − θ0 = q̃
4α3
(α − 1)2
 (S11)
cos θ
1
1
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,
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T
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where α = 2a sin(θ)/h . We numerically solve Eq. (S11)
and obtain the angle of the leaflets θ. From there, we
calculate the pressure difference between both leaflets by
inserting θ in
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which is directly deduced from Eq. (S8). The resulting
angular deflection (θ − θ0 ) and pressure are shown in Fig.
2CD of the Main Text for an initial angle θ0 = 60◦ .
Limits of the model assumption
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Figure S3. (A) Resistance R deduced from Eq. (6) of the
Main Text as a function of θ0 for h/a = 2.07. (B) Maximum
of the resistance R as a function of h/a.

in pressure felt by the leaflets at a point x0 on the leaflets
R a cos θ+c
1
00
and δp2 (x0 ) = 12βηQ
b
(h−2a sin θ)3 dx is the cona cos θ
stant difference of pressure due to the ledge of the leaflets.
We assume that the pressure difference δp1 (x0 ) + δp2 (x0 )
is only influenced by the flow in-between the leaflets and
that there is no recirculation of liquid between the leaflets
and the side of the channel. This is supported by the fact
that the pressure below the leaflet is approximately equal
to the pressure measured after the leaflet (Fig. S2B). The
parameter θ0 is the initial angle of the leaflets. We nondimensionalize Eqs. (S8) and (S10) by introducing the
˜ = (p − pend )/p0 and q̃ = q/q0 ,
variables x̃ = x/L, ∆p
bh3 p0
where q0 = 12βηa and p0 = bak2 and by expressing the
length of the ledge as a function of the length of the
leaflets c = a/T , where T is a non dimensional parameter equal to the length of the leaflets divided by the radius

To better assess the validity range of Eq. (S3) and
the assumption of a parabolic flow, we performed complementary numerical simulations to measure the magnitude of each term of Eqs. (S1) and (S2) at two different
points in-between leaflets with an initial angle θ0 = 40◦
and for a flow rate Q = 31 mL/min (see Tab. S1). These
two points are respectively situated in the center of the
channel (see cross named (A) in Fig. S2A) and near the
bottom leaflets (see cross named (B) in Fig. S2A). By
comparing the numbers in Tab. S1, it appears clearly
that the previous assumption is valid in the middle of
the channel, but breaks down near the valve. This is
expected given the large deflection angle and the complex shape of the leaflets. Yet, since the present model
aims at relating the pressure difference ∆P to the total
flow rate Q and given the fact that the velocity in the
center of the channel is one order of magnitude higher
than the velocity near the leaflets (see, for example, Fig.
S2), the rough description of the flow near the leaflet has
only a minor effect on the description of the total flow
rate. This explains the good agreement between the experiments and the model. We used the same approach to
study the influence of high initial angles on the validity
of our model. We used numerical simulations to measure
the magnitude of each term of Eqs. (S1) and (S2) in the
center of the channel (see Fig. S2 for 3 different initial
angles θ0 = 40◦ , 60◦ and 80◦ ). With this method, we
show that the largest value of the neglected terms are
respectively 5.5 %, 8.5 % and 48 % of the terms kept
in Eq. (S3). Yet, this increase in the error on the flow
in-between the leaflet for large angles has only a small
influence on the model as shown in Fig. 4A and B of the
Main Text. This is explained by the fact that, at large
angles, the pressure at the leaflet ledge (i.e. δp2 ) is significantly larger than the pressure in between the leaflets
(i.e. δp1 ), as shown by Fig. S2.
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θ0
1
1
where δθ0 = (f (α0 ) cos2 θ + cos
T 2 + 2T 3 (1−α0 )3 ) is the
term coming from the change in angular position. In
Fig. S3, we show that R increases with θ0 and diverges
for h/a < 2. Therefore, while Fig. 4 shows that the
asymmetry is optimized for h/a < 2, we observe that
the resistance R is also maximized for those values.
As a result, ratio h/a > 2 might be more optimum to
generate flows without the need for high pressures.

∆

Analytical solution for a T-junction

Figure S4. Measurements (red circles) and numerical simulations (red squares) of the leaflets deflection (θ0 − θ) as a
function of the pressure difference ∆P .

To confirm the validity of the expansion of δθ(∆P ) at
the leading order that lead to Eq. (S10), we plotted our
measurements and simulations shown in Fig. 2CD of the
Main Text into one graph showed in Fig. S4. This graph
confirms the linear relationship between both variables.
Analytical solution at low flow rates

We further study the influence of the leaflet geometry on the pressure-flow relationship by expanding Eqs.
(S8) and (S10) in the limit of small deflections (θ − θ0 )
and small flow rates q̃. At leading order, (θ − θ0 ) varies
linearly with q̃, as confirmed by the measurements and
simulations in Fig. 2C of the Main Text. This leads to
Eq. (4) of the Main Text, with
f (α0 ) =

0 −2)
α0 (3α
(α0 −1)2 − 2 log (1 − α0 )

4α03

,

(S13)

By expanding Eq. (S12) in the limit of small deflections
(θ − θ0 ), we then obtain
˜ = Rq̃(1 + ε̃q̃),
∆p

(S14)

We seek an analytical expression of the outflows Q1,out
and Q2,out as a function of Qin measured in Fig. 1C of
the Main Text. Knowing that the pressure on each side
of the T-junction is equal and assuming that the pressure
varies quadratically with the flow rate, as predicted by
Eq. (1) of the main text, we have

R1 q̃(1 + ε1 q̃) = R2 q̃(1 + ε2 q̃),

(S17)

where R1 (R2 ) and ε1 (ε2 ) correspond to the linear and
asymmetric term of the left (right) side of the T-junction.
Given the relative symmetry of the two sides, we assume
R1 = R2 and ε1 = −ε2 = ε. Therefore we obtain
Qout,1 =

εQ2in
Qin
+
,
2
4

(S18)

Qout,2 =

εQ2in
Qin
−
,
2
4

(S19)

These two functions have been fitted on measurements
in Fig. 1C of the Main Text, which allows to quantify
the asymmetry ε. Fig. 1D shows the asymmetry ε has a
function of the initial angle.

where R and ε̃ depend on the geometric parameters θ0 ,
a/h and α0
R=

cos (θ0 ) (2 − α0 )
1
+
,
2
(1 − α0 )2
T (1 − α0 )3

(S15)

and


1 (2 − α0 )
−1
ε̃ = δθ0 −
sin θ0 +
4 (1 − α0 )2
(1 − α0 )2


(2 − α0 ) cos θ0 α0
3α0
+2
+
(1 − α03 )
4
2T (1 − α0 )4

(S16)
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