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Unlike human intestines, which are long, hollow tubes, the intestines of sharks and rays contain
interior helical structures surrounding a cylindrical hole. One function of these structures may be to
create asymmetric flow, favoring passage of fluid down the digestive tract, from anterior to posterior.
Here, we design and 3D print biomimetic models of shark intestines, in both rigid and deformable
materials. We use the rigid models to test which physical parameters of the interior helices (the
pitch, the hole radius, the tilt angle, and the number of turns) yield the largest flow asymmetries.
These asymmetries exceed those of traditional Tesla valves, structures specifically designed to create
flow asymmetry without any moving parts. When we print the biomimetic models in elastomeric
materials so that flow can couple to the structure’s shape, flow asymmetry is significantly amplified;
it is 7-fold larger in deformable structures than in rigid structures. Last, we 3D-print deformable
versions of the intestine of a dogfish shark, based on a tomogram of a biological sample. This
biomimic produces flow asymmetry comparable to traditional Tesla valves. The ability to influence
the direction of a flow through a structure has applications in biological tissues and artificial devices
across many scales, from large industrial pipelines to small microfluidic devices.

Shark teeth typically elicit more attention than shark
intestines (perhaps because the question of whether a
shark will eat you elicits more anxiety than the question
of whether it will digest you). Therefore, the beautiful
intestinal structures of sharks and rays may come as a
surprise. These structures consist of tubes with interior
helices [1, 2] that are traditionally thought to confer an
advantage by increasing surface area, thereby improving
nutrient absorption [3, 4]. Recently, an alternative func-
tion was proposed after the discovery of asymmetric flow
in shark intestines. Researchers excised intestines from
various shark species and measured flow rates for vis-
cous fluids traveling from anterior to posterior, down the
gastrointestinal tract, and in the reverse direction. Flow
down the tract was faster than the reverse, meaning less
peristaltic motion should be needed to push food through
the intestines, increasing metabolic e!ciency [5]. This
result is notable because asymmetric flow was achieved
without the use of flaps like those found in valves of the
human heart and stomach.

When a fluid conduit imposes asymmetric flow, it be-
haves like an electrical diode. The most famous fluidic
diodes, Tesla valves, were invented over a century ago
[6, 7]. These quasi-two-dimensional (2D) elements gen-
erate vortices and high hydrodynamic drag in only one
direction of flow. Structures resembling Tesla valves have
been found in the lungs of birds [8] and have been incor-
porated into microfluidic circuits [9, 10]. The discovery
of asymmetric flow in shark intestines is exciting because
similar helical structures are potentially scalable for large,
3D applications.

However, it is puzzling how helical shark intestines
could operate as Tesla valves. The problem lies in the
Reynolds number, the ratio between inertial and vis-
cous forces in fluids. The Reynolds number is defined

as Re → uL
ω , where u, L, and ω are the flow rate, charac-

teristic length scale, and kinematic viscosity of the fluid,
respectively. A disadvantage of Tesla valves is that flow
asymmetry is high only when the Reynolds number is
high [11–14], requiring high flow rates, large length scales,
and/or low fluid viscosities. In contrast, food flowing
through intestines is viscous and flows at low velocity, re-
sulting in Re ↑ 10→4 ↓ 10→1 [15]. In this low Reynolds
number regime, flow is reversible, and simple Tesla valves
are ine!cient [16, 17]. Mathematically, asymmetric flow
through rigid pipes at low Reynolds numbers should be
impossible because it violates reciprocity [18]. However,
shark intestines are not rigid; they are soft tissues with
mechanical sti”nesses on the order of kiloPascals [19].
Here, we hypothesize that flow-induced deformation

of intestinal structures improves their performance as
Tesla valves, enabling them to operate e!ciently even
at low Reynolds numbers. In other words, a deformable
Tesla valve, whether comprised of biological tissue or elas-
tomeric materials, might generate high flow asymmetry
that does not vanish in the limit of low Reynolds number.
To test the e”ect of deformability on flow asymmetry, we
3D print biomimetic helical pipes of both soft and hard
polymeric materials. Using well-defined test structures,
we measure the influence of the interior helical pitch, hole,
angle, and length on flow asymmetry (Fig. 1), and we fit
our data to a phenomenological model. We then compare
flow asymmetry in the test structures with direct replicas
of a shark intestine.

Results

Our experiments address three questions: (1) are tubes
with interior helices good candidates for Tesla valves, (2)
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FIG. 1: Designing, printing, and evaluating biomimetic he-
lical pipes. (A) Pipe with a 10 mm radius, a thick (2 mm)
outer wall, and a thin (0.5 mm) inner helical sheet. The sheet
begins at radius rhole from the vertical axis. The interior he-
lix is characterized by the pitch, p, the hole radius, rhole, the
tilt angle, ω, and the number of turns, nturns. The tilt an-
gle defines the flow direction: up/down when the imaginary
tip of the cone-like profile points upstream/downstream, re-
spectively (shown in panel D). (B) Three helical pipe designs.
(C) Left: Photo of a helical pipe printed in rigid material: side
and top views. Right: 3D print of a transverse section of the
same pipe with a view of the inner structure (right). (D) The
total flow, Qtot (gray), is split between a short reference pipe
(Q0, purple) and the helical pipe in the up (Q→, red) or down
(Q↑, blue) orientation.

if so, which features of the design maximize flow asym-
metry, and (3) can flow-induced deformation of the struc-
tures improve their flow asymmetry? Here, we designed
structures inspired by shark intestines: an outer pipe with
a sturdy cylindrical wall (2 mm thick) and an inner, thin
helical sheet (0.5 mm thick) that is more likely to bend.

We printed helical pipes from two di”erent materials,
a thermoset rigid plastic that minimizes deformability
(Fig. 1C) and a soft elastomer that maximizes deforma-
bility. Even though the elastomer is among the softest
products commercially available for 3D printing (with
sti”ness of only 1 MPa; see SI Section 2), it is much
sti”er than shark intestines (with sti”ness ↑1 kPa) [19].
Therefore, higher flow rates, Q, are required to deform
elastomeric helices than to deform intestines. Here, we
use flow rates of Q ↔ 100 cc/s, corresponding to Reynolds
numbers Re ↑ 104. In this regime, flow can be turbulent,

so flow asymmetry may arise in rigid pipes as well as in
deformable pipes. Consequently, we use rigid pipes to
test the e”ect of the pipe’s geometry, uncoupling it from
the mechanical deformation. Then, we use soft pipes to
measure how much the deformability enhances the asym-
metry with respect to a rigid pipe of the same design.

Large flow asymmetries in rigid, helical pipes

The helical pipes in Fig. 1 are fully characterized by
only a few geometrical parameters. These include the
pitch (p, the vertical ascent with each revolution), the
radius of the interior hole (rhole), the tilt angle (ε, which
breaks up-down symmetry), the number of helical turns
(nturns), and the pipe radius (R, from the center to the
outside edge). We fixed the pipe radius at 10 mm and
varied the rest of the parameters to generate a large fam-
ily of structures (Fig. 1B, and Fig. S1). To determine
how each parameter influences flow asymmetry, we first
established a measurement method.
Asymmetric fluid flow is benchmarked by ”diodicity,”

Di [11, 12]:

Di(Q) → #P↑(Q)

#P↓(Q)
, (1)

where#P↓ and#P↑ are pressure drops measured across a
device in its forward and reverse directions, respectively.
Since it is harder to push fluid through a Tesla valve in
the reverse direction, Di ↗ 1, where Di = 1 indicates
no asymmetry. Here, our device is a helical pipe, and we
measure flow rates rather than pressure drops (Fig. 1D).
The cone of the helix is oriented either down (the forward
direction) or up (the reverse direction, Fig. 1D). We con-
vert flow in the pipe, Q, into equivalent lengths of hollow
tubes, ϑ, which correspond to pressure drops, #P (Fig. 2
and Materials and Methods).
Limiting cases yield a qualitative understanding of how

diodicity should vary with the four experimental param-
eters for helical pipes (p, rhole ε, nturns). These limits
appear in the insets of Fig. 3.

1. Pitch, p: As p ↘ 0, the helical pipe resembles a
cylindrical tube with thick walls, so Di ↘ 1. At
the other extreme, as p ↘ ≃, its e”ect on the flow
diminishes, so Di ↘ 1.

2. Hole radius, rhole: As rhole↘ 0, the helical pipe
resembles a coiled, hollow tube, for which no flow
asymmetry is expected, so Di ↘ 1. At the other
extreme, as rhole approaches the radius of the pipe,
the pipe resembles a cylindrical tube. Therefore, as
rhole↘ 10 cm, Di ↘ 1.
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FIG. 2: Schematic of diodicity measurement. Flow meter values are translated into flow rates by the calibration curve in Fig.
S3A. Next, ratios of flow rates through both branches of the apparatus are translated into an e!ective length of hollow tubing,
ε, using the calibration curve in Fig. S4. This e!ective length is proportional to the pressure drop. The diodicity is the ratio
between the pressure drop through the helical pipe in the oriented in the up direction to a helical pipe in the down orientation.

3. Angle, ε: As ε ↘ 0, the helical pipe becomes sym-
metric. Therefore, as tan(ε) ↘ 0, Di ↘ 1. As
the angle approaches 90↔, the helical pipe resem-
bles a cylindrical tube. Therefore, as tan(ε) ↘ ≃,
Di ↘ 1.

4. Number of turns, nturns: As nturns↘ 0, the inner
helix vanishes, leaving a cylindrical tube, so Di ↘
1. As nturns increases, asymmetry is expected to
increase, but its detailed behavior is unknown. For
some designs of Tesla valves, diodicity approaches
an asymptote as the number of identical elements
in series increases [12, 20].

These limiting cases imply that flow asymmetry is max-
imized at intermediate values of pitch, rhole, and an-
gle, and reaches an asymptotic value as the number of
turns increases. Because our system operates far from
the regime of laminar flow, exact values of diodicities are
di!cult to predict. Therefore, we go beyond qualitative
limits to quantitatively measure diodicities in rigid helical
pipes.
Our most striking result for these rigid helical pipes

is that nearly all values of the parameters tested induce
large flow asymmetries(Fig. 3). The diodicity values we
measure (in many cases, 2 ⇐ Di ⇐ 3) are large compared
to diodicities measured in traditional Tesla valves. The
literature contains only a few experimentally measured
Tesla valve diodicities, with reported values of Di ↑ 2
[9, 13]. In contrast, many numerical analyses have been
conducted on Tesla valve designs; nearly all yield values
of 1 < Di < 2 [9, 11, 12]. In one extreme case, a nu-
merical shape optimization involving an intensive survey
of designs and parameters found a highly e!cient single-
valve design with Di ↑ 2↓ 4 [14].
In other words, biomimetic helical pipes (even rigid

structures without flow-induced deformation) can per-
form better than most Tesla valves, comparable to heav-
ily optimized designs. In Fig. 3, data in all four panels
represent perturbations from an initial parameter set of
p = 15 mm, rhole = 3 mm, tan(ε) = 1.5, and nturns = 7.5.
When we subsequently vary pitch and rhole, clear max-
ima appear at p = ↑7.5 mm and at rhole = 4-5 mm.
As the number of turns increases, diodicity appears to

plateau, consistent with asymptotic diodicities in mi-
crofluidic Tesla valves [12].
To understand how the design parameters a”ect diod-

icity within the range of values in Fig. 3, we developed
a phenomenological model. First, we reduced the di-
mensionality of the problem by defining a helical length,
h →

√
p2 + ϖ2r2hole, where diodicity peaks at intermedi-

ate values of the dimensionless variable h/R (Fig. S8).
Then, we tested a model that the e”ective length of a
helical tube, ϑ, depends separately on three parameters:
h, ε, and nturns, where ϑ = H(h) ⇒ A(ε) ⇒ N(nturns).
We found good agreement between this model and the
data over most parameter ranges in our experiments (SI
Section 3 and Fig. S7).

Huge flow asymmetry in deformable, helical pipes

Deformation of helical pipes printed from soft elas-
tomers amplifies flow asymmetry with respect to nearly
all rigid pipes of the same design (Fig. 4). In the ab-
sence of a theoretical model, we fit diodicities in Fig. 4
to skewed Gaussians. The peaks of these Gaussians cor-
respond to diodicities of ↑10-15, a flow asymmetry that
is roughly 7-fold higher than in rigid helical pipes or in
traditional Tesla valves (Fig. 4A,E).
Deformable helical pipes do not generate a fixed value

of diodicity, unlike rigid versions. Instead, Di is a func-
tion of the flow rate, Q. This contrast between rigid and
deformable pipes is analogous to the observation that an
electrical resistor has a fixed resistance, whereas a diode
does not. Flow rates corresponding to the highest diodic-
ities increase with the number of turns of the helical pipe
(Fig. 4F). This makes sense: larger flow rates are needed
to deform a larger number of helical blades. In contrast,
the degree to which deformable pipes amplify diodicity
relative to rigid pipes is independent of the number of
turns. A separate observation is that higher diodicities
are accompanied by higher scatter in the data, indepen-
dent of whether helical pipes have the same parameters
(Fig. 4C) or di”erent numbers of helical turns (Fig. 4D).
The amplification of diodicity in deformable pipes rela-

tive to rigid pipes could arise from changes in the flow rate
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FIG. 3: Rigid helical pipes result in large flow asymmetries.
E!ect of four parameters on flow diodicity; schematics illus-
trate each parameter. (A) E!ect of pitch, p, on diodicity for
pipes with rhole = 3 mm, tan(ω) = 1.5, and nturns = 7.5.
(B) E!ect of hole radius, rhole, on diodicity for pipes with
p = 7.5 mm, tan(ω) = 1.5, and nturns = 7.5. (C) E!ect of tilt
angle, ω, on diodicity for pipes with p = 7.5 mm, rhole = 3 mm,
and nturns = 7.5. (D) E!ect of number of turns, nturns, on
diodicity for pipes with p = 7.5 mm, rhole = 3 mm, and tan(ω)
= 1.5. Shaded regions on the graphs are only to guide the eye.
Limiting cases for each parameter are illustrated in the insets.

for helices oriented in the up direction, Q↑, helices in the
down direction, Q↓, or both. Here, we find that nearly all
amplification arises from changes in Q↑, resulting in high
values of the e”ective length ϑ↑, whereas ϑ↓ is roughly
constant (Fig. 4B). This large change in Q↑ implies that
the interior blades of helical pipes deform more when the
helix is oriented up. In contrast, if any deformation oc-
curs when helical pipes are oriented down, it appears to
slightly facilitate flow, resulting in lower values of ϑ↓ than
in rigid pipes (Fig. 4B).
To test that deformation of the inner helical sheet leads

to higher diodicity, we simulated the deformation of a

single-turn helix in analog scenarios of uniform load and
gravity (see SI Section 4 and Fig. S9). We find that
most of the deformation is localized to the top and bot-
tom edge of the helix (rather than uniformly changing
a parameter such as the angle). Then, we 3D-printed
the deformed configurations in rigid materials, locking
in the deformation, and we measured flow through the
resulting sti” structures. As in deformable pipes, rigid
pipes with locked-in deformations produce large e”ective
lengths when the helix is oriented upward, whereas defor-
mations produce little change in e”ective length when the
helix is oriented downward. As a result, the diodicity of
the single-turn helical pipe with locked-in deformations
is almost 3-fold larger than of the undeformed pipe.

Large flow asymmetries in rigid analogs of shark
intestines

The well-parameterized helical pipes in Fig. 1 were in-
spired by more complex structures in the intestines of
sharks and rays. These structures vary from species to
species [3–5]. Here, we created 3D models of the spi-
ral intestine of a dogfish shark (Centroscyllium nigrum),
based on digital tomograms [5]. We 3D-printed rigid
versions of the model at three di”erent lengths: the
full model, the top two-thirds, and the top third (Fig.
S10). All three versions generated flow asymmetries in
the range of ↑ 1.15 ↓ 1.4, comparable with traditional
Tesla valves (see SI Section 5 and Fig. S10). Of course,
sharks are not rigid. In vivo ultrasound reveals twist-
ing, contraction waves, and undulatory waves in shark
intestines [21]. A fuller understanding of flow asymme-
tries in these structures will require ultrasoft materials
coupled to biomimetic motions.

Discussion and Summary

This research began by posing three questions: Will he-
lical pipes act as Tesla valves? What parameters might
increase flow asymmetry? And will it be enhanced by
flow-induced deformations of the inner helical structure?
We found that rigid helical pipes impose high flow asym-
metries, exceeding those of most traditional Tesla valves
(and on par with highly optimized Tesla valves). We
are unaware of any other experimentally measured struc-
tures that achieve such high flow asymmetries in the ab-
sence of moving parts. Optimization of the pipe’s design
parameters would likely push the flow asymmetries to
even higher values. An added bonus is that the pipes are
three-dimensional, so they have the potential to accom-
modate larger fluid volumes than traditional quasi-two-
dimensional Tesla valves, and they may find applications



5

B

A

D E

F

C

Experimentally measured range of diodicities 

traditional Tesla valves
rigid helical pipes
soft helical pipes

15321

FIG. 4: Deformable helical pipes result in high diodicities
that vary with flow rate. (A) Ranges of measured diodicities
of traditional Tesla valves [13] and of our rigid and soft helical
pipes. (B) E!ective lengths of a deformable pipe (p = 7.5 mm,
rhole = 3 mm, tan(ω) = 1.5, and nturns = 1.5) connected in
the up (red) and down (blue) flow direction. Values for an
equivalent rigid pipe are shown as red (ε = 1.0 m) and blue
(ε = 0.75 m) horizontal lines. (C) Diodicity as a function
of flow rate through the pipe in panel B (squares), through
a deformable pipe with identical parameters (diamonds), and
through a rigid pipe (horizontal green line). Scatter in the
data of the two deformable pipes is indistinguishable. An op-
timal flow rate that yields the highest diodicity is estimated
by fitting a skewed Gaussian (thick green line). (D) Skewed
Gaussian fits (solid lines) of diodicity versus flow rate for de-
formable pipes with di!erent numbers of turns. Large cir-
cles show the maximum diodicity for each fit. (E) Maximum
diodicities from panel D (filled circles) and amplification of
diodicity (unfilled circles, the maximum diodicity of the de-
formable pipe divided by the diodicity of the equivalent rigid
pipe). The dotted line shows the average, 6.7-fold amplifica-
tion. (F) Optimal flow rates from panel D. At the highest
number of turns, the highest flow rate is required to reach the
maximum diodicity.

in larger commercial devices.
When we reproduced the helical pipes in deformable

materials, we found very large flow asymmetries, roughly
7-fold higher than in rigid pipes or Tesla valves. Typ-
ically, interactions between elastic structures and fluids
are considered from the standpoint of how changes in
the structure’s shape a”ect flow in the surrounding fluid,
resulting in mobility, as in Taylor swimmers [22, 23]. An-
other common vantage is to consider how hydraulic flow
induces large changes in a structure’s shape, as in soft
robots [24, 25]. In our system, the viewpoint is di”erent:
fluid flow is a”ected by the deformation it imposes on the
elastic structure.
In our experiments, we used one of the softest commer-

cially available elastomers for 3D printing. Given that the
field of 3D printing is quickly evolving [26], softer mate-
rials like hydrogels may soon be widely available [27, 28].
However, an ongoing challenge is finding very soft mate-
rials that can withstand high deformations [29]. As softer
elastomeric materials are developed and integrated into
helical pipe designs, we would expect flow asymmetries
to arise at lower Reynolds numbers.

Materials and Methods

3D printing helical pipes

3D models of helical pipes with di”erent values of pitch,
hole radius, angle, and number of turns were generated
using Wolfram Mathematica 13.1 and are available in
STL format in Dryad. An adaptor (2 cm long and 4 mm
thick) was added to the end of each pipe to connect it to
the flow apparatus.
Models were printed at high spatial resolution and ac-

curacy on a stereolithographic (SLA) 3D printer (Fig. 1C
and Fig. S1). Specifically, models were 3D printed verti-
cally on a Formlabs Form2 printer with a layer thickness
of 0.1 mm, using Clear V4 (Formlabs) resin for rigid pipes
and Elastic 50A (Formlabs; named for its hardness rating
of 50 Shore A) for deformable pipes. Printed helical pipes
were washed several times in isopropyl alcohol and dried
in ambient conditions for a few hours. Finally, each end of
the printed pipe was joined to short PVC tubing (9.5 mm
inner diameter, 2.5 cm length). The junction was sealed
with epoxy on the interior surfaces and silicone sealant
on the outside.

Measuring diodicity

In brief, we split the total fluid flow, Qtot, into two
branches with the same resistance (Fig. S3B). Each
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branch contained a flow meter (Fig. S3A). We then af-
fixed a helical pipe to one branch, while keeping the other
branch empty, as a reference. We measured the flow rate
through the reference pipe, Q0, and the flow rate through
the helical pipe, which is either Q↑ or down Q↓, depend-
ing on whether the helix was oriented up or down. Each
helical pipe had a flow resistance equivalent to the resis-
tance through a long span of tubing. The length, ϑ, of
this tubing was proportional to the pressure drop #P .
In more detail, schematics of both branches of the

flow apparatus are given in Fig. 1D and Fig. S2, and
the method of converting flow rates to pressure drops is
given in Fig. 2 and the Supplemental Information. Both
branches were equipped with a flow meter (DIGITEN
G1/2” Water Flow Hall Sensor 1-30 L/min FL-408) in
series with flexible PVC tubing (12.7 mm inner diameter,
30 cm length). Each flow meter was previously calibrated
to maximize accuracy, as in Fig. S3A. In each experi-
ment, a helical pipe was attached to the right branch of
the flow apparatus, and the left branch remained empty.
Total flow was controlled by the output of a standard wa-
ter faucet, and values of Q0 (left arm) and Q↓/Q↑ (right
arm) were recorded by hand. Flows through each branch
corresponded to an e”ective length of tubing (Fig. S4),
which in turn corresponded to a pressure drop. The ra-

tio between the pressure drops in both pipe orientations
was the diodicity (see SI Section 1for more information).
For (only) rigid pipes, Q0 depended linearly on both Q↓
and Q↑, with negligible o”set. Therefore, we fit the flow
in both directions with linear models,with no intercept
terms (Fig. S5) and used the slopes to estimateDi (which
is independent of Q).

Data availability

All measured data and 3D models are available on
Dryad, doi:10.5061/dryad.4j0zpc8mt.
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Supplemental Materials for

Asymmetric Fluid Flow in Helical Pipes Inspired by Shark Intestines

I. DIODICITY MEASUREMENT

This section elaborates on the diodicity measurement scheme summarized in Fig. 2. Each branch of our apparatus
is fit with a flow meter (Fig. S2). The reading from each meter is converted to a flow rate by a calibration curve
to improve its accuracy (Fig. S3). The variable Q corresponds to the flow rate (in cc/s) through the test branch, to
which samples are attached, and Q0 corresponds to the reference branch, which remains empty.
These values are converted to a pressure drop, using the constitutive relation of our fluidic apparatus. In general,

the form this relation takes depends on the Reynolds number of the system and the behavior of fluid flow through the
apparatus. The pressure drop in a system with laminar flow behaves according to Ohm’s Law: #P = R1Q, where R1

is the hydraulic resistance. The pressure drop in a system with fully turbulent flow is often described by a quadratic
relation for: #P = R2Q

2. Our experiments fall in an intermediate range of Reynolds numbers, which requires us to
fit a phenomenological model #P = RQ

ε , where we expect ϱ to be between 1 and 2. In the limits of both laminar
flow and turbulent flow, the hydraulic resistance is proportional to the length of the pipe, L, such that R ⇑ L. This
relation should hold for intermediate values of the Reynolds number as well.
As the hydraulic resistance of the tested pipe (in the test branch of the apparatus) increases, the ratio Q0/Q

increases. We utilize this fact to find the phenomenological exponent ϱ by testing tubular pipes of varying lengths
(Fig. S4). We vary the total flow rate, and we record the flow rates through both branches. We repeat this procedure
for many di”erent lengths of pipe, and for each length we fit a linear model to extract the ratio Q0/Q. We then use
these values to fit a phenomenological power law, L = A(Q0/Q)ε + c and find ϱ = 1.75± 0.15.
Next, for each pipe tested, we convert the pair of values Q,Q0 into an e”ective length, ϑ(Q/Q0). We repeat this

conversion for both orientations of each helical pipe. Since, #P ⇑ ϑ, the diodicity is given by the ratio between
e”ective lengths:

Di → #P↑
#P↓

=
ϑ(Q↑/Q)

ϑ(Q↓/Q)

Because the e”ective lengths of the rigid pipes are constant, we first fit a linear model to Q and Q0, and only
then convert the fitted slope to the e”ective length. The resulting e”ective lengths vary smoothly with the various
parameters (Fig. S6).

II. MECHANICAL PROPERTIES OF OUR MATERIALS

We tested the mechanical properties of both materials using an Instron 5585H load frame with a 2 kN load cell, at a
speed of 5 mm/min until mechanical failure of the sample. Standard ”dog-bone test specimen” shapes were 3D-printed
in the Form2 SLA printer, following ISO 527-2 for the rigid material and ISO 37 for soft material. We treated the
test samples in the same way as the helical pipes: we washed them with isopropanol and then water until the samples
were no longer sticky. The results of the tests are summarized in the table below:

Material Rigid (Clear V4 ) Soft (Elastic 50A)

Elastic modulus (MPa) 555± 76 1.18± 0.06

Tensile stress (MPa) 30.13± 0.32 0.03± 0.002

Tensile strain (%) 41± 0.3 200± 1

III. PHENOMENOLOGICAL MODEL FOR RIGID, HELICAL PIPES

We use the helical symmetry of the rigid pipes to introduce a phenomenological model that reduces the number
of parameters required to fit the e”ective length, ϑ, of helical pipes. First, we define a parameter ”helical length”,
h →

√
p2 + ϖ2r2hole. The helical length is the path length swept out by one turn of a helix with pitch, p, and radius,
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rhole/2. The helical length parameter collapses data for ϑ vs. p (Fig. S6A) and data for ϑ vs. rhole (Fig. S6B) onto the
curves in Fig. S7A, which are fit by splines.

Next, in Fig. S8A, we present a dimensionless version of this model. The data points in Fig. S8A are values of
diodicity versus a dimensionless helical length, h/R. The solid line is the ratio of splines from the model in Fig. S7.
The line fits the data well, except in regions where the data have large uncertainty, which arise when the helical lengths
for helices oriented in the up and down directions are both close to 0, at values of h/R > 2.

We extend our model to propose that the e”ective lengths of rigid pipes in both the up and down orientations are
a function of three parameters independently: h, ε, and nturns. Specifically, we hypothesize that e”ective lengths in
the up direction are given by ϑ↑(h,ε, nturns) = H↑(h)⇒A↑(ε)⇒N↑(nturns), and e”ective lengths in the down direction
are given by ϑ↓(h,ε, nturns) = H↓(h)⇒A↓(ε)⇒N↓(nturns), over the range of design parameters we tested. Using data
that correspond to h ↔ 12, we interpolate these functions using smoothing splines (Fig. S7).

To test this extended model, we introduce five new sets of data for e”ective length, ϑ, versus the number of helical
turns, nturns. The values p and rhole from these five new sets correspond to three new values of h (roughly 8, 10.5,
and 17.5). For helices oriented downward, the new data fit our phenomenological model well for all new values of h
(Fig. S7D). For helices oriented upward, the new data fit our phenomenological model well for h ↔ 10.5 and h ↔ 17.5
(Fig. S7E).

Finally, in Fig. S8, we present a dimensionless version of Fig. 3. The solid line is the ratio of ϑ↑ to ϑ↓, which is
(H↑ ⇒A↑ ⇒N↑) / (H↓ ⇒A↓ ⇒N↓) in the phenomenological model. The line from that model fits the data well.

IV. 3D PRINTING DEFORMED PIPES

In the main text, we hypothesize that huge flow asymmetry in deformable, helical pipes is due to flow-induced
deformation of the pipes’ inner helical structure. To test that hypothesis, we use the COMSOL finite-element solid-
mechanics solver to find the deformation mode of the inner helix. We make the assumption that the inner helix is
subject to either uniform stress distribution in the flow direction or that it yields to its own weight under gravity.
Both scenarios result in similar deformations.

When we increase the external load to 350 N/m2, the helix’s sheet nearly intersects with itself. Therefore, we set
350 N/m2 as the upper limit of the load. From the resulting images in Fig. S9B and C, it is clear that: (1) most
of the deformation is localized to the edges of the helix, and (2) most of the deformation occurs when the helix is
oriented with its cone pointing upward; there is little deformation when the helix is oriented downward. The first
point is consistent with our experimental finding that diodicity depends only weakly on the number of helical turns,
nturns (Fig. 4E). The second point is consistent with our experimental finding that the e”ective length, ϑ, of a helical
pipe is nearly the same for soft and rigid pipes oriented downward (Fig. 4B).

Next, we 3D-print two pairs of rigid pipes. The first pair consists of a rigid helical pipe with an inner helix equivalent
to the undeformed shape in Fig. S9A (parameterized by p = 7.5 mm, rhole = 3 mm, tan(ε) = 1.5, and nturns = 1.5).
We experimentally test this pipe in our flow apparatus oriented either downward (blue circles) or upward (red circles).
We calculate the corresponding e”ective lengths and take the ratio of these values to find the diodicity, which is
Di ↔ 1.35 (Fig. S9D).

The second pair of pipes (shown on the right side of Fig. S9D) contains rigid inner helices equivalent to the COMSOL
output of the deformed helices oriented downward (Fig. S9B, blue triangles) and upward (Fig. S9C, red triangles).
We experimentally test this pair in our apparatus, calculate their corresponding ϑ values, and take the ratio of these
values to find the diodicity, which is Di ↔ 3.7 (Fig. S9D). In other words, the diodicity due to deformed interior helices
is roughly a factor of 3 larger than the diodicity due to undeformed helices (Fig. S9E, left side).

In addition, we test three pairs of helices as negative controls (Fig. S9E, right side). The first negative control shows
that orientation matters: reversing the pair of helices in the ”deformed” experiment in Fig. S9 results in a diodicity
close to 1 (Di ↔ 0.85). The second and third negative controls show that asymmetry in deformation in the up and
down directions is required for large diodicities. For example, negative controls using rigid interior helices with only
the shapes shown in Fig. S9B and Fig. S9C result in diodicities of only Di ↔ 1.6 and Di ↔ 1.95, respectively.



3

V. PRINTING AND TESTING REPLICAS OF SHARK INTESTINES

To measure the diodicity of pipes based on computed tomography (CT) scans of shark spiral intestines, we encode a
scan of Centroscyllium nigrum[S30] as a series of black-and-white bitmaps, each corresponding to a single slice along
the z-axis. These maps are voxelated into a 3D structure (voxel size 23⇒ 23⇒ 23 µm3). The raw structure is digitally
coarsened via decimation, that is, every 4 ⇒ 4 ⇒ 4 super-voxel was added to the model if and only if it included at
least one original voxel. The coarsening is done in order to close holes in the model and remove some of the fine inner
structures that were below the resolution of our 3D printer. The coarsened model is upscaled by 300% and rotated
such that it was oriented along the z-axis. The transformed model is imported into Autodesk Fusion 360 as a mesh,
where it undergoes a repair process followed by re-meshing to remove any inaccuracies. After the repair, the mesh
is smoothed, resulting in smoother surfaces and improved model quality. Then the smoothed model is sliced into
overlapping segments of increasing length and conical adapters are fitted to the ends (Fig. S10A).
We 3D print the resulting structures using the rigid plastic (Fig. S10B) and attach them to tubes. Diodicity

measurements are performed (following the scheme for the rigid helical pipes). The diodicities that result from shark
intestine replicas are smaller than of most of the rigid helical pipes (Fig. S10C vs Fig. 3). However, the diodicities are
comparable to values measured for traditional Tesla valves.
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FIG. S1: Sets of 3D-printed, rigid helical pipes in which a single parameter is varied. (A) Varying the pitch, p, for pipes with
rhole = 3 mm, tan(ω) = 1.5, and nturns = 7.5. (B) Varying the hole radius, rhole, for pipes with p = 7.5 mm, tan(ω) = 1.5,
and nturns = 7.5. (C) Varying the tilt angle, ω, for pipes with p = 7.5 mm, rhole = 3 mm, and nturns = 7.5. (D) Varying the
number of turns, nturns, for pipes with p = 7.5 mm, rhole = 3 mm, and tan(ω) = 1.5. Each panel includes an additional print of
a transverse section, revealing the inner helical structure, and an enlarged section (3x magnification, orange boxes) illustrating
the printing quality.
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FIG. S2: Schematic of the parallel flow apparatus. An input flow, Qtot, is split into two branches, each of which passes through
a previously-calibrated flow meter. In each experiment, a helical tube is connected to the test branch (right), while the reference
branch (left) remains unchanged. In the first half of each experiment, the helical tube is connected in the “down” direction, with
the tip of the cone pointing downstream. As the input flow, Qtot, is varied, flow rates through the left branch (Q0) and right
branch (Q↑) are recorded. In the second half of the experiment, the helical tube is connected in the “up” direction, which yields
a corresponding data set for Q0 and Q→. The flow rates Q0, Q↑ and Q↑ are converted to pressure drops via a phenomenological
model: #P → Q

ω , where ϑ is fit from experimental data (Supporting Information Text, Section 1)

.
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FIG. S3: Calibration of flow meters. (A) The flow apparatus splits into reference (left) and test (right) branches, each of which
contains a flow meter (see Fig. S2). The reference and test flow meters were separately calibrated by measuring the rate at
which a container with volume markings filled (Q0 and Q, respectively) and by plotting that rate against the reading on the
flow meter (in arbitrary units, AU). The resulting linear fits were used in all experiments to convert the meter reading to the
actual flow rate. In subsequent experiments, samples are attached to the test branch, and the reference branch remains empty.
(B) The symmetry of the flow apparatus is verified by recording flow rates when both branches are empty (black points). A
linear fit (black line), shows asymmetry of 2% (slope of 0.98). As a test of the flow apparatus, each branch is pinched to increase
its hydrodynamic resistance for several values of the total flow (colored points). Once a branch is pinched, the flow through the
other branch increases, conserving the total flow, as expected (conservation of flow produces data parallel to the gray dashed
lines.)

A B

FIG. S4: Converting flow rate, Q, into pressure drop, #P , via a phenomenological model. (A) An input flow, Qtot, is split
into two branches. A long piece of hollow tubing (initial length L = 10.5 m, inner diameter = 9.5 mm) is connected to the
test branch, while the reference branch remains unchanged. As the input flow is varied, flow rates through the reference branch
(Q0) and test branch (Q) are recorded. Then the tube is cut to a slightly shorter length and the experiment is repeated. This
process is iterated until L = 0. Data for Q0 versus Q at each length are fit to straight lines passing through the origin. Data
for low flow rates (Q < 50 cc/s) are excluded (filled squares) because they do not follow the linear trend and because this
regime is excluded in the analysis of the helical pipes. (B) Fitting a phenomenological power law model to the slopes in Panel A
(L = A(Q0/Q)ω + c). The fitted exponent, ϑ = 1.75±0.15 agrees well with the data (blue line), and has narrow 95% confidence
intervals (red lines). The color of the symbols corresponds to the length of the pipe.
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FIG. S5: Estimates of e!ective length, ε, of rigid, helical pipes with di!erent pitches. (A) Pitch = 10 mm. (B) Pitch = 7.5 mm.
For both pipes, rhole = 3 mm, tan(ω) = 1.5, and nturns = 7.5. Flow through pipes oriented in the down direction, Q↑, are
shown in blue, downward triangles, and flow through pipes in the up direction, Q→, are shown in red, upward triangles. The
e!ective length is calculated using the calibration in Fig. S4. E!ective lengths rise to asymptotic values in the majority of our
experiments, as in Panel A. However, in a few cases, e!ective lengths do not reach an asymptotic value even at the maximum flow
rate. For each set of points, the characteristic e!ective length (horizontal line) is calculated by fitting a linear trend Q0 = aQ+b

and converting the slope to an e!ective length. For the fit, we exclude all points under the threshold of Q =100 cc/s (gray
region), and use the 90% uncertainty bounds as errors. Diodicity is calculated as the ratio between the e!ective lengths in the
up and down directions.
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FIG. S6: E!ect of four parameters on the e!ective length, ε, of helical pipes oriented in the down direction (blue, downward
triangles) and in the up direction (red, upward triangles). (A) E!ect of the pitch, p, on the e!ective length for pipes with
rhole = 3 mm, tan(ω) = 1.5, and nturns = 7.5. (B) E!ect of the hole radius, rhole, on the e!ective length for pipes with
p = 7.5 mm, tan(ω) = 1.5, and nturns = 7.5. (C) E!ect of the tilt angle, ω, on the e!ective length for pipes with p = 7.5 mm,
rhole = 3 mm, and nturns = 7.5. (D) E!ect of the number of turns, nturns, on the e!ective length for pipes with p = 7.5 mm,
rhole = 3 mm, and tan(ω) = 1.5.
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FIG. S7: Phenomenological model for the e!ective length, ε, of helical pipes. (A) By introducing a new variable, helical length
h ↑

√
p2 + ϖ2r2hole, data for e!ective length vs. pitch p (darker symbols, Fig. S6A) and for e!ective length vs. hole radius rhole

(lighter symbols, Fig. S6B) collapse. Data for flow through helical pipes oriented with their cones in the up (upstream) direction
is shown in red, and the down (downstream) direction is shown in blue. Data for each orientation are fit with smoothed spline
functions, denoted H(h). (B) Data for e!ective length vs. the tangent of the angle are fit with smoothed spline functions
denoted A(tan(ω)), using data from Fig. S6C at h ↓ 12.0 mm. (C) Data for e!ective length vs. the number of helical turns are
fit with smoothed spline functions denoted N(nturns), using data from Fig. S6D for h ↓ 12.0 mm. (D) and (E) The data and
fits (solid lines) for h ↓ 12.0 mm are repeated from Panel C. The solid line is a fit of the model ε = H(h) ↔ A(ω) ↔N(nturns)
and di!ers only slightly from the fit in C due to normalization of the product H ↔ A↔N . The dashed lines are outputs from
the model ε = H(h) ↔ A(ω) ↔ N(nturns), applied at h ↓ 8 mm, h ↓ 10.5 mm, and h ↓ 17.5 mm, with no fitting parameters.
To test the model, data corresponding to the three new values of h (from five new datasets for rigid pipes with varying p and
rhole values) are overlain on the plots. Agreement between the model and the data are good for all data for helical pipes in the
down direction (Panel D) and for data at larger values of h in the up direction (Panel E). Poor agreement between the model
and data at h ↓ 8 mm in Panel E is expected from the large scatter in the corresponding data in Panel A and in Fig. S6A,B.
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FIG. S8: Dimensionless representation of Fig. 3 with fits. (A) The dimensionless parameter h/R = R
↓1

√
p2 + ϖ2r2hole collapses

data from Fig. 3A,B for pitch, p, and hole radius, rhole (squares and circles, respectively). The collapse is fit by the ratio of
the splines in Fig. S7A (solid line). The fit is not applied when the ratio of splines has large uncertainty, which occurs at small
values of the e!ective length, ε. (B) and (C) Diodicities with respect to the tangent of the angle, tan(ω), and the number of
turns, nturns (Fig. 3C,D, respectively) fit by the ratio of corresponding splines in Fig. S7B,C (solid lines).
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FIG. S9: Deformation modes of soft helical pipes lead to large diodicities: (A) The inner helical structure of an undeformed
pipe with p = 7.5 mm, rhole = 3 mm, tan(ω) = 1.5, and nturns = 1.5. (B) and (C) Deformed structures of helices oriented in the
down and up directions, respectively, calculated by COMSOL under a uniform load of 350 N/m2. The load was parallel to the
symmetry axis (z-axis), pointing downward. We 3D-printed rigid pipes containing the structures in Panels A, B, and C as the
inner helices, using the same external tube dimensions and adaptors described in the main text. We then used our flow apparatus
to extract the e!ective length of each pipe in each orientation. (D, left side) Experimentally measured e!ective lengths of pipes
containing the original undeformed helices in panel A oriented in the down (blue) and up (red) directions. (D, right side)
Experimentally measured e!ective lengths of pipes containing the deformed helices in Panel B (blue, downward triangle) and
Panel C (red, upward triangle). The large diodicity of the deformed helix pair (Di = 3.7) relative to the undeformed helix pair
(Di = 1.35) is primarily due to the large e!ective length of the deformed, upward helix, as in was in Fig. 4. (E) Plot of the
diodicities from Panel D and validation of results using three negative controls. The first control corresponds to deformed pipes
assembled in opposite orientations than in Panel D. The second control corresponds to two orientations of the deformed helix
in Panel B. The third corresponds to two orientations of the deformed helix in Panel C.
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FIG. S10: Measuring diodicity of structures based on computed tomography (CT) scans of shark intestines. (A) Data from
a CT scan of Centroscyllium nigrum [S30] was voxelated into a 3D structure. The structure was then digitally coarsened,
smoothed, and cut to the desired length (1/3, 2/3, or the full length). (B) Conical adapters were then added to each end and
the design was 3D printed. In the image, a print based on a shark intestine is in the foreground and a regular helical pipe is in
the background at the left. (C) Diodicities of three printed versions of shark intestines, of increasing length. Diodicity values
are smaller than for most of the regular helical pipes in the main text but are comparable to values for traditional Tesla valves.


