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SIPHON: An Origami Soft Salp Robot
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Abstract—We present SIPHON, a Salp-Inspired robot designed
to utilize Passive Hydrodynamics, and equipped with soft robotic
Origami bellows and soft Nozzles. We reveal the construction,
including a novel use of an interlocking origami Kresling pattern,
along with duckbill and mammal-heart-inspired valves. We derive
a physical model for the coupled dynamics of body displacement
and body contraction. We show experimental results of pool
free swimming trials, and we compare these results to the
model. Compared to other power-autonomous, bio-inspired pulsed
jet swimmers, SIPHON swims with high speed and efficiency,
achieving a mean swimming speed of 16.5cm/s (0.59 Bl/s) and
a cost of transport of 4.9J/m (1.8 Ws/(Nm)).

Index Terms—Bioinspiration, Swimming,
Robotics

Origami, Soft

I. INTRODUCTION

Salps are tube-shaped gelatinous sea creatures that swim
and eat by pulsing their body to move water [1]. Their simple
body structure and ability to traverse long distances in the
ocean make them exemplary for researchers seeking to encode
insights from their unique life form into synthetic systems
for locomotion and multi-agent interaction [2]. Salps benefit
both from a simple chainable body form and the advantages
of pulsed jets, which include rapid production of thrust [3],
better cost of transport (CoT) both from having multiple jet
sources smooth acceleration [4], and from being pulsed instead
of continuous [5].

Salps are unique among other jet-propelled swimmers, such
as squids, cuttlefish, and octopus, in that they draw water in
their mouth and expel it out the back, producing a unidirectional
flow (see Fig. la). Squid-like swimmers intake and expel
water at their posterior, requiring flow direction reversal from
forward to back. Froude efficiency analysis predicts that there
are efficiency gains for salp-like unidirectional flow gaits as
compared to the squid-like bidirectional flow gait [6], [7], and
some salp-inspired robots have shown a 10.5% improvement
associated with unidirectional flow in salp robots [8].

Previous works that have explored pulsed jet swimming have
been focused on squid-like or bidirectional flow patterns [9] or
focused on surface swimming [10], [11]. Surface swimming
provides a useful gait demonstration but restricts the robot’s
domain of motion and introduces free-surface effects into the
hydrodynamics.
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Fig. 1. (a) Weelia cylindrica oozooid (solitary form) (b) blastozooid stage
(colony chain form). (c) Our salp-inspired soft robot with origami bellows and
passive nozzles. (a) and (b) are adapted from [4]. Reprinted with permission
from [The Royal Society].

Integrating origami into robot design offers the chance to
encode complex motions directly into robot forms [10], [12].
The Kresling folding pattern in particular allows the efficient
buckling of a cylindrical structure, effectively coupling rotation
of the front and back pattern frames to a significant shortening
of the structure [13]. Previous research has investigated using
the Kresling cell as a bellows actuator [14]. Kresling cells
are also known to produce thrust if they can be spun in the
environment [15]. Recently, researchers have shown relatively
high swimming speed with a centimeter-scale origami swimmer
with artificial muscles, a buckling bellows, and a unidirectional
flow gait [16].

In this work, we introduce SIPHON, a Salp Inspired Passive
valve Hydrodynamic design equipped with soft robotic Origami
bellows and soft Nozzles. SIPHON is a simple and effective
3D printed design for exploring salp-inspired engineering, such
as multi-agent control and fundamental physics, such as fluid-
structure interaction. Moreover, noting a few exceptions [8],
[16], SIPHON is unique in leveraging the advantages of salp-
like unidirectional flow.

Salps in nature utilize some degree of peristalsis to achieve
reversible propulsion [17]; SIPHON’s unidirectional flow, in
contrast, is achieved by a soft robotic technique of utilizing
material stiffness in the form of 3D printed duckbill and heart-
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inspired valves. SIPHON’s flexible soft robotic design allows
its inlet and jet valves to passively open or close based only on
the balance of internal and external fluid pressure. This design
choice simplifies the mechanism design and control, allowing
SIPHON to be controlled with a single degree of freedom.
SIPHON’s waterproof bell and built-in data acquisition allow
documentation of swimming speed and transport cost for free
submerged swimming. Summarizing, the contributions of this
paper are:

« Relative to untethered pulsed jet swimmers, we report low
CoT with minimal mechanism and control complexity by
utilizing passive hydrodynamics and material flexibility

o A novel 3D printed soft robotic salp design utilizing an
origami Kresling pattern for the bellows

« Novel designs for 3D printed passively actuated mouth
and tail nozzles

o Comparison of an analytical dynamic model that includes
the effects of skin stiffness and motor power to experi-
mental data

e Speed and CoT measurements for power autonomous
submerged swimming with a unidirectional flow, salp-like
gait

II. MODELING A SWIMMING SALP

Computational and analytical modeling for swimming or-
ganisms can be computationally expensive, especially when
modeling the full fluid state, as in [18]-[20], or simpler, such
as our own equation (6) for an effective nozzle. We desire a
stateless fluid interaction model that is sufficiently complicated
to capture the physics relevant to design and control. Inspired
by both the coupled mass models that have given insight into
the role of mode shapes and resonance in swimming [21],
[22], we use the Euler-Lagrange method to derive coupled
system dynamics that account for the jet pulse arising from
body contraction due to DC motor torque.

Applying the Euler-Lagrange method to the coupled mass
system and forces shown in Fig. 2 reveals equations of motion:

(mb(s)erh)ijrmhé:Fj — Fy (1)
mpL +mps+bs+4ks=F,, — F;+ F; 2)
TABLE I
MODEL PARAMETERS
Geometry & Mass Design
Parameter Symbol Value Unit  Parameter Symbol Value Unit
Head mass mp, 339 g Damping b 800 N's/m
Bellows mass  my 337 g Stiffness k 250 N/m
Body frontal A 2827 mm? Rotathn o 29 rad
area amplitude
Nozzle area An 79 mm?  Control gain kp 0.05 Nm/rad
Mouth area Am 336 mm? No-load speed wpnr, 68 rad/s
Dra
coifﬁcient Cy 4.0 - Stall torque Ttall 70 N mm
Water density p 1000 kg/m? Advance krr 1.3 mm/rad
Force radius T 3.2 mm

Fig. 2. Diagram of key variables for the analytical model: Bellows center of
mass location x, bellows compression s, head and bellows mass my and my,,
damping coefficient b, motor force Fiy,, jet and mouth interaction force F},
and drag force Fy.

Head and bellows masses are computed as the mass of the
water within those volumes. If these volumes did not change
shape, sucking and ejecting water, then added mass coefficients
could be taken from a table such as [23]. However, because
SIPHON swims by impelling and expelling water, a more
complicated added mass analysis is left for future work. The
motor control force F),, was computed using the same method
implemented in hardware (see section III).

We define a control policy of the form 7, = k, (64 — 6)
with a sinusoidal reference given by 0 =  cos (27 ft) — $.
Applied actuation torque 7 is computed from the control torque
T. by subjecting it to a linear motor saturation model given
bY Tmaz = Tstall (1 — w/wn ). More motor model details
are given in [24]. Motor shaft speed w is computed from
contraction speed and the lead screws advance as w = 2 §/krg.
Generalized force associated with the motor force is Fj,, =
27 /r where r is the effective radius of action for the linear
screw. The required motor torque varied monotonically with the
dissipative force b during the contraction and expansion phases.
Thus, the b parameter was increased to match the experimental
data in Fig. 6.

In order to model SIPHON’s passive valving and switching,
we model the thrust force F'j using a discontinuity based on the
bellows contraction speed $. We assume that the force in both
cases can be computed as arising from continuity equations
related to the body’s internal volume. Here A is SIPHON’s
effective bellows frontal area for a diameter of 6 cm, A,, is
the outlet jet nozzle described in section III, and A,, is the
mouth’s area estimated from mouth slit length and video of
the slits as they open while swimming.

, 4p2A2¢2 if5<0
Fi($)=13 "% ., ... 3)
dpg-s° ifs>0

SIPHON’s drag coefficient is complicated by the presence
of the pulsed jet, the Kresling bellow’s angular design, the
unsteady motion of the pulsing bellows, the changing frontal
area of the mouth valve, and the skin rotation arising from
conservation of angular momentum. Despite these limitations,
we represent drag using a constant dimensionless drag coeffi-
cient, C'y, noting that its value is understood as a bulk average
for the gait. Thus, we model the drag force as only varying
with head speed in the global frame as

1
Fy= 5pACd(:'c+s)2sgn(g'c+s'). 4)
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Fig. 3. (left) Detail of heart valve-inspired mouth valve after silicone pour and before trimming. (center) Section View of SIPHON robot. SIPHON’s dry mass
is 277 g. Mouth Kresling Cells and tail nozzles are made from 3D-printed TPU with a natural rubber latex treatment. The bell, bell skin, motor plate, and
bellows compressor are made of 3D printed PLA. (right) Orthogonal views, including side, top, and bottom.

SIPHON’s stride length varies monotonically with 1/Cly, thus
Cy was varied to produce a match with the experimental data
in Fig. 5.

In order to visualize the model and compare it to experiments
(see Fig. 5 and 6), we solve the equations of motion for
acceleration. Then, after writing in first order form, we use
MATLAB?’s built-in ODE45 solver to get solutions to the initial
value problem [25].

III. BUILDING SIPHON

Salps in nature can be found in colonial chain structures [26].
We desire a modular soft salp design that is also chainable and
modular. To achieve this goal, we propose a 3D-printed design
that can be adapted for chaining and allows different sensor
modules to be attached to the basic propulsion unit. SIPHON’s
cylindrical shape is based roughly on W. Cylindrica, which is
among the faster salp species [27]. SIPHON is composed of a
bell that waterproofs an actuating DC motor, power electronics,
and a microcontroller. The bell and transmission are centrally
located within a semisoft skin with passive one-way valves
at the mouth and tail (see Fig. 3 center). This design pulls
fluid into the mouth, between the bell and bell skin, and expels
water out the tail nozzle in a jet during contraction. All flexible
components are printed out of Ninjaflex TPU on a Prusa XL.

We equip SIPHON with a flexible salp-inspired oral siphon
at the mouth inlet, as shown in Fig. 3 left. The particular shape

of this valve is inspired by Mammalian tricuspid valves [28].

These allow the mouth to both open large and hold shut against
flow reversal. During bellows expansion, low fluid pressure
pulls this valve open to let water flow in. During this time, the
mouth valve’s multiple slits allow it to swing through a shorter
radius, resulting in tighter bell clearance and eliminating the
need for extra space, volume, and ultimately reducing virtual
mass. During body compression, when internal pressure is high,
the mouth valve closes, forming a seal that is augmented with
a layer of EcoFlex silicone.

SIPHON’s bell waterproofs a Pololu Hi Power Carbon Brush
motor with a 50:1 gearhead and built-in encoder. A Xiao Seeed
ESP32-S3 manages communication, datalogging, and the motor
controller described in section II. A Pololu motor controller
(DRV8874) supplies battery current to the motor, accepts PWM
control from the ESP32, and provides current feedback for
torque logging, as shown in Fig. 6.

Early prototype experiments with flexible nozzled swimmers
showed that material buckling is a valuable property for
generating propulsion [29]. The Kresling folding pattern
provides a coupling between linear compression and rotation
accompanied by predictable buckling. Though Kresling-like
patterns exist for other polygons, a hexagon is selected for
its unique packing properties, as in arrayed cylinders and
honeycombs.

SIPHON’s flexible bellows are constructed from Kres-
ling cells with interlocking tongue-and-groove patterns. This
approach allows easy manufacturing and assembly of the
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body compressing

t=1.500 s t=1.667 s t=1.833 t=2.000 s t=2.167 s t=2.333 s

body expanding

t=2.500 s

t=2.667 s t=2.833 s t=3.000 s t=3.167 s t=3.333 s t=3.500 s

Fig. 4. Frames of free swimming experiment, pulsing at 0.5 Hz in OSU’s Langdon Pool. Reference frames detected by the ArUco library are overlaid on their
respective markers. Frames are evenly distributed across a single gait period, separated by twenty frames each.

Mouth, Bell skin, bellows, and tail nozzle. SIPHON’s Kresling
cells are 20 mm tall with hexagons inscribed inside 70 mm
diameter circle, with a 0.8 mm wall thickness and 45° rotation
between each frame. SIPHON’s combined bellows stiffness
was determined by applied load and measured displacement to
be 250 N/m.

SIPHON’s tail nozzle is a flat duckbill tapering to a slit
opening to accommodate passive shutting during the expansion
phase. As SIPHON contracts, the pressure inside the robot
increases, shutting the mouth valve and simultaneously opening
the tail nozzle. During this contraction phase, SIPHON’s
propulsion comes from fluid rapidly escaping the back, forming
a jet. The jet nozzle is designed with a long, minimal curvature
shape designed to reduce the fluid friction losses associated
with interior flow over sharp-edged features as the jet escapes.
Moreover, this smooth curvature enables streamlined flow over
the outer skin as well, reducing flow separation and drag.

SIPHON’s jet nozzle opening was chosen using a simple
jet energy analysis. A stationary jet adds kinetic energy to
its surroundings at a rate of Pje; = %n’w?et. Applying
continuity equations, we derive an expression in terms of
bellows contraction rate, L body area, and nozzle area as

A3 .
Pjor = sz§VL3 ®)

Noting that peak power generally occurs at half a motor’s
no-load speed, we write the contraction speed in terms of this
shaft speed. If we assume that Pj.; is supplied by a motor
power P,,,tor reduced by transmission losses quantified by
efficiency 7, we can derive a nozzle diameter, D,,, that is

matched to the motor’s peak power.

1
D, = (%) ! (6)

64 n Pmotor

Plugging in parameters for SIPHON’s body diameter and our
motor and 50% efficiency, gives a jet diameter of 10 mm.
Assuming the jet nozzle slit opens such that the slit length
forms half a circumference, this defines the 18 mm nozzle
width found on SIPHON.

IV. SIPHON’S SPEED AND COST OF TRANSPORT

Unlike their biological analogs, many salp-inspired synthetic
systems function as surface swimmers. A goal of this research
was to quantify a salp-inspired swimmer’s performance com-
pletely underwater. To quantify SIPHON’s untethered free
swimming, SIPHON was designed to be trimmable to slight
negative buoyancy, with buoyancy adjustment achieved by
adding graduated weights within the bell. SIPHON’s free
swimming experiments were in two large swimming pools (see
Fig. 4) in approximately 120 cm of water depth and another
pool in 95 cm of water.

Video was captured with a GoPro Hero 4 mounted to
an aluminum 8020 frame. The camera was set to wide-
angle at 1920x1080 pixels and recorded at 120 frames per
second. Before testing, a calibration video was made with
a checkerboard pattern in various positions. Markers were
placed on the pool floor, marking out a 20cm X 20 cm cross
hair 50 cm back from the camera to return SIPHON for each
swimming test.

SIPHON was placed in the pool and manually positioned
in the designated region for each test. A test header message
containing the requested pulse frequency, peak shaft rotation
angle, and number of pulses was sent from a nearby laptop
computer via a transponder made from a silicon-potted ESP32-
s3 dev module utilizing the ESP-NOW Wi-Fi packet. Wi-
Fi frequency radio signals attenuate significantly underwater,
but data transmission was reliable when SIPHON and the
transponder were within approximately 20 cm. Upon receipt
of the data packet, SIPHON is programmed to execute the test

10002



30 c
g mean I v
— o via ID 2
220 r| @ vialD3 ’
2 via ID 4 ) 4
0] ® vialD5
& 10 ¢ via ID 8
% via ID 9
a ==  Stride Calc 4
5 O F|== == Model | 4
g &
3 -10t F 4
® /',
(O] b
T 20 1
° 0
£ Y
E L 4 (,
L -30 V4
© g 7/
(0]
£ 401 4
3 /
/
_50 1 1 1 1 1 1
0 1 2 3 4 5 6
Time (s)

Fig. 5. Swimming marker capture and model overlay. See supplementary
video. Colored points depict the head centroid location as projected by the
marker ID shown. The Model is time-space shifted to align at the end of the
first stride after the flow has time to develop in the experiment.

sequence while writing shaft speed and motor current data to
memory at 400 Hz. At the end of the test, SIPHON sends the
data back to the laptop via the same ESP-NOW packets, to the
transponder, and to the laptop as binary values over serial USB,
where they are recorded in a MATLAB structure. Four tests
were run at randomized frequencies between 0.4 Hz to 0.9 Hz
where SIPHON swam from the pool bottom to the surface. Use
of the dense 8 by 8 lead screw and the hollow bell creates a
significant distance between the CoM and center of buoyancy,
this causes SIPHON to passively orient to vertical during free
swimming tests.

SIPHON is equipped with twelve ArUco markers around its
bell skin to facilitate underwater motion tracking. A Python
script, utilizing the ArUco library in OpenCV [30], [31],
extracts positions from video experiment records. The ArUco
library reports position vector P and orientation of each marker
in the camera’s inertial reference frame I with origin point o at
the camera. For tracking the head centroid’s position at point
¢, ¢ must be located relative to each marker location points
m. The position vector that points from the 7y, marker center
m; to the bell skin centriod c¢ in the marker’s local reference
B, is measured and stored as PZi = [+d 0 fr]T where
d is half the distance between the ArUco codes and r is

the body radius. The matrix tensors T p,_,; that transform
vectors from B to I are called from a built-in ArUco library
function. Thus, in the inertial camera frame, if ¢ markers
are visible, centroid point location estimates c¢; are given via
chi = PrInl + r]:‘Bz‘ﬂ]?'r]leL1 ci

Figure 5 shows the head centroid displacement measurements
as reported by various marker IDs for SIPHON swimming at
0.5 Hz. The black “mean” trace is the mean of these locations
in each frame. The gray crosses depict the time indices used
to compute the stride length A for this particular test. These
are located by first selecting a final time index candidate ¢
from which an initial time ¢; is computed from the known
pulse frequency f for the test ¢; = ¢ty — L. Corresponding
d; and dy are interpolated from the “mean” line. Finally, A
is computed as dy — d;, and the measured bias, as explained
in the paragraph below, is subtracted. The mean swimming
speed is computed as 7 = A f. The results of this method are
displayed in Table II.

Power expended while swimming is recorded by the current
as measured by the feedback sensor and the motor’s shaft speed
as measured by the incremental encoder. Thus, mechanical
power output is computed as the absolute value of the product
of speed and torque P = abs(7w). We compute torque from
the motor’s torque-current relationship published by Pololu
in their datasheet for the motor. After the test data is sent
from SIPHON back to MATLAB, the time data vector with n
pulses and SR sampling rate is reshaped as a 2 x n matrix to
compute typical gait waveform averages with MATLAB’s mean
function. Results of this analysis are shown in Fig. 6. Along
with computing the average stride-wise waveforms, we also
compute the absolute average mean power, shown as a black
dashed line in Fig. 6 and reported for each experiment in Table
II. The dimensionless CoT reported here is scaled by SIPHON’s
dry weight as CoT = P/(v2.72N). Here SIPHON’s dry
weight from a dry mass of 277g scales the power output.
Arguably, the dry mass plus the added mass, values of Table I,
could have been used, which would improve the CoT.

Given the inherent challenges of underwater pose estimation,
we sought to quantify and report the precision and accuracy of
the stride-length measurements from ArUco motion tracking.
To do this, the test apparatus was laid level on the ground,
and a grade rod was positioned at 50 cm from the camera to
match SIPHON’s mean swimming line. Video was recorded
while SIPHON’s head was manually traversed along the grade
rod, stopping approximately 5s at 10 cm intervals. This data
was manually clipped and labeled, and the results are shown

TABLE I
SUMMARY OF EXPERIMENTAL SWIMMING RESULTS

f P A v T CoT CoT
Hz W cm cm/s BL/s J/m Ws/(Nm)
0.4 0.70 32.8 13.1 0.47 5.33 2.0
0.5 0.75 23.5 11.8 0.42 6.37 2.3
0.6 0.80 27.5 16.5 0.59 4.85 1.8
0.9 1.33 17.9 16.1 0.58 8.24 3.0
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Fig. 6. Depiction of typical mean power output calculation (0.5 Hz shown
here). Motor speed and torque as measured by the incremental encoder and
current sensor. Output power is computed from the product of speed and torque
and plotted on the right axis. The speed, torque, and power waveforms are
gait-averaged. The black dashed line shown is the absolute mean power output.
The red dashed line is an overlay of the motor torque from the computational
model.

in Figure 7. The bias associated with optical tracking, in the
worst-case scenario, would overreport SIPHON’s stride length
by 1.8cm— —0.7cm = 2.5cm. Thus, we conclude that it is
conservative to assume the worst and subtract this 2.5 cm from
what is directly reported by the ArUco system. These bias-
corrected measurements are reported in Tables II and III. From
the noise in these measurements, we compute propagation of
error for stride measurements as v/1.32 + 0.62 = 1.4 standard
deviations, which amounts to +2.8 cm for a 95% confidence
interval on stride length calculations.

V. DISCUSSION AND FUTURE WORK

This paper demonstrates that passive soft robotic compliance
can be utilized to control fluid flow in a robotic jet-propelled
swimmer with a single degree of freedom. The simplicity
of SIPHON’s design is of interest if one desires to produce
power autonomous free-swimmers in larger numbers, since its
components can be batch printed on 3D printers of moderate
cost, and its minimal other components are readily obtained.

It seems that the traveling wave nature of salps’ circumferen-
tial muscle activation is part of the success of their propulsion,
and allows them to reverse travel direction by reversing this
wave [17], [32]. Despite this, the success of these passive
valves opens the question of the degree to which salps’ forward
locomotion utilizes this mechanism for passive actuation of
their oral and atrial siphons.

This work has presented and evaluated locomotion speed and
CoT as a function of actuation frequency. We are interested in
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Fig. 7. Position Data confidence. stdev is a single standard deviation of the
data at the point, and the bias is the vertical distance to the y = x line.

several areas for future work, including the role of resonance in
low-level design and the optimal control of these salp-inspired
robots within the context of multi-agent interaction.

We have tabulated comparable pulsed jet swimmers’ peak
performance along with SIPHON’s performance in Table III,
showing that SIPHON’s peak swimming performance is fast
and efficient compared to other power autonomous pulsed jet
free swimmers. Bujard and Weymouth’s resonant swimmer
outperforms SIPHON but is limited by its power tether in the
former case, and pressure charging apparatus in the latter [21],
[33]. These results bolster the computational and theoretical
expectation [7], [19] of added performance from unidirectional
flow gaits, with a concrete physical example of the effectiveness
of passively actuated valves and nozzles.

TABLE III
PERFORMANCE COMPARISON TO OTHER WORKS

Robot Speed (Bl/s) CoT (Ws/(Nm))

Bujard et al. [21] 098 2 0.09
Chen et al. [16] <0.62° -
Christianson et al. [9] 0.54 -

SALP [11] 0.34 2.01
Salpot [8] 0.08 32.8
Weymouth et al [33] 10.0 © -

Yang et al. [10] 0.20 2.0
SIPHON (this work) 0.594+0.05 1.8+0.1

2 Tethered power supply

Y Chen et al. report peak speed rather than time-averaged mean
speed

¢ Charged and shot from a base station
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