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ABSTRACT

Using valves to control the direction of internal flow for effective swimming, the jet-propulsion method of sea salp (a barrel-shaped marine
invertebrate) provides a promising locomotion mechanism for bio-inspired robots. In this study, we numerically investigate this problem via
an axisymmetric fluid–structure interaction model within the immersed-boundary framework. Specifically, we prove that in these systems, it
is feasible to use fully passive valves whose opening and closing actions are driven solely by the hydrodynamic load. This finding is going to
greatly reduce the complexity of locomotion devices based on this design. Furthermore, we have examined the effect of the design parame-
ters, i.e., the stiffness and inertia, of the valves upon the swimming performance. In general, it is found that stiff and heavy valves increase
the swimming speed, whereas soft and light valves decrease the cost of transport.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0126809

I. INTRODUCTION

With impressive speed and maneuverability, the jet-propulsion
capacity of soft-body aquatic creatures, such as squid, has inspired the
development of novel underwater robots with deformable bodies.1–4

In its jetting mode, squid locomotion involves intermittent bursts
driven by cyclic expansion and shrinking of it body. To elaborate, a
squid first inflates its mantle cavity to suck water in through a mantle
aperture. Afterward, the body shrinks and water is discharged out rap-
idly through a narrow funnel tube on the same side of the body as the
mantle aperture. During this process, ultra-fast motion can be
achieved. For example, small squid (e.g., the larvae of Loligo vulgaris)
can reach a bursting speed of 25 body lengths per second (BL/s).5

Larger ones (e.g., Loligo opalescens) can also reach a maximum speed
of 10 BL/s.6 Moreover, squid are capable of pointing the funnel tube in
any direction for maneuvering via thrust vectoring. For these reasons,
squid locomotion has recently been studied extensively to explore the
underlying physical mechanisms and design principles.7 The primary
efforts were on the understanding of fluid–structure interactions asso-
ciated with the body deformation,8–12 the impact of added-mass
related force,13,14 the vortex ring dynamics,15–17 and the effect of the
nozzle configuration.18

Among these mechanisms, the procedure of energy exchange
during the refilling–discharging cycle is particularly important since it

is directly related to the efficiency of locomotion. For instance, in our
recent study, the effect of the fluid field inside the internal cavity (here-
after referred to as the pressure chamber) upon the energetics has been
examined.19 The results show that the kinetic energy of the refilling
flow is mainly dissipated away in the pressure chamber rather than
contributing to the subsequent jetting, which compromises the effi-
ciency of the system. This is because the mantle aperture and funnel
tube of a squid are both located in the head side so that the refilling
flow and the jet flow are in opposite directions. In squid swimming,
this issue is partially solved by reducing the speed, and subsequently
the kinetic energy, of the refilling flow using an inlet (the mantle aper-
ture) much larger in the cross-sectional area than the outlet (the funnel
tube).

Sea salps, on the other hand, use a different method for perfor-
mance enhancement by positioning the flow inlet and outlet at oppo-
site ends of the body.20,21 The jet-propulsion method of salps bears
certain resemblance to that of squid because they both utilize refilling-
jetting cycles to inhale and expel fluid through body deformation. The
difference lies in the detailed configuration. Unlike squid, a salp’s water
entrance (the oral syphon) is located on the front side, while the exit
(the atrial syphon) is located on the rear side. During the refilling
phase, the atrial syphon is closed and the oral syphon is open to let
water in. During the jetting phase, the oral syphon is closed and the
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atrial syphon is open to let water out. This unique arrangement ena-
bles a uni-directional flow inside the chamber during an entire
refilling-jetting cycle, which might reduce energy waste and enhance
the propulsive efficiency.22

Despite its potential applications in bio-inspired engineering,
salp-like swimming has been mostly neglected in the literature. A
notable study was conducted by Sutherland and Madin,23 who experi-
mentally observed the wake near solitary salps via Particle Image
Velocimetry (PIV) and identified two distinct vorticity patterns. The
first pattern is characterized by a single vortex ring, and the second
one features a combination of a leading vortex ring followed by a trail-
ing vorticity distribution. These patterns are consistent with the behav-
ior of vortices formed by pulsed jets, in which a dimensionless
parameter called the formation number plays an important role.24

Other studies on this topic include a theoretical analysis that investi-
gates the aggregated salp locomotion,25 a numerical work that explores
the impact of jet angle on the swimming performance or aggregated
salps,26 and investigations of synthetic jets that share some physical
characteristics with the propulsion mechanism of salps.27 However,
none of these studies considers the unsteady fluid–structure coupling
involved in the salp inflation–deflation cycles.

Recently, we developed an axisymmetric numerical model within
the immersed boundary framework to investigate the fluid dynamics
of a salp-like self-propelled system.22 The system consists of three
components, a deformable shell, and two valves on the front and rear
sides. The body deformation and the valve motions are prescribed.
Through coordinated valve opening–closing motions and body infla-
tion–deflation cycles, pulsed jetting and subsequent forward motion
are achieved. In this scenario, the refilling flow originated from the
front valve during the inflation phase goes directly to the rear valve to
join the jet. This uni-directional internal flow successfully mitigates
the energy dissipation that occurs in the pressure chamber and
improves the swimming efficiency. Moreover, the study shows that
there exists an energy recovery mechanism in the salp-like swimming
system: the energy expended by one component can be partially recov-
ered by other components through hydrodynamic interactions. This
phenomenon suggests that the system can be improved by replacing
the actively controlled valves with passive ones. Without extra energy
input, the passive valves can be activated by hydrodynamically har-
vesting energy spent by the shell.

Indeed, to actively control the opening and closing motions of
valves complicated controlling and actuation systems are necessary. In
addition, non-optimized valve motions may create large drag force
and slow down the system when the valves move against the flow.
This issue may be avoided through self-adaptive motions of passive
valves since they usually move in the direction of the local flow.

In the present study, we investigate the feasibility and reliability of
passive valves in a salp-like swimmer. Toward this end, we develop an
axisymmetric numerical model in which the rotations of the valves are
activated by hydrodynamic load. Through simulations, we examine the
locomotion performance of such a system and explore effects of the
structural properties (e.g., rotational inertia and stiffness) of the valves.

The rest of this paper is organized in the following manner. We
begin by defining the configuration and kinematics of the salp-like sys-
tem, followed by a brief description of the mathematical formulation
and numerical algorithm. After that, simulation results and discus-
sions are presented. Finally, conclusions will be drawn.

II. PHYSICAL DESCRIPTION

As displayed in Fig. 1, the model that we consider is an axisym-
metric propulsion system, which contains a deformable shell and two
rigid one-way valves. The contour of the shell is a semi-ellipse whose
semi-axis is a and major axis is L. The major axis is D=2 above the
axis of symmetry. In three dimensions, the shell forms a body of revo-
lution with two orifices whose diameters are D in the front and rear
ends. Designed to control the opening and closing actions of the orifi-
ces, the two valves with contour length of D=2 are connected to the
shell edges with torsional springs khf and khb. Hereafter, we use sub-
scripts “f ” and “b” to represent quantities related to the front valve
and the back valve, respectively. The springs are in natural states when
the valves are closed, i.e., hf ¼ hb ¼ 0.

Physically, the valve model that we use may represent a valve
made of azimuthally distributed ribs connected by an elastic mem-
brane. With a length of D=2, each rib is rigid and allowed to rotate
around a hinge, where a torsional spring is installed. The surface area
of the elastic membrane varies when the valve opens or closes. Even
though there exist other designs of one-way valves that do not resem-
ble our model, these designs all share the primary characteristics of
our model, inertia, and stiffness. Therefore, our analysis can be qualita-
tively applied to a wide range of valve designs.

The refilling-jetting cycle of the system is achieved by cyclic
inflation–deflation deformations of the shell, which is accomplished
through varying the semi-minor axis a with the major axis L being
fixed. Within a deformation period T, we prescribe a as

aðtÞ ¼ a0 þ ða1 � a0Þ 1� cos ð2pt=TÞ½ �=2; (1)

in which a0 and a1 correspond to fully deflated and fully inflated states,
respectively. These two parameters determine the stroke ratio, defined
as 4D8=ðpD3Þ, where D8 is the discharged volume during a single jet-
ting. This dimensionless parameter governs the vortex pattern in the
wake and plays an important role in thrust generation.9,16,24

The rotations of the valves are restricted within the range of
½0; p=2�, in which the rotations of the two valves are determined by
the conservation of angular momentum, i.e.,

Ihf €hf þ khf hf ¼ Mf and Ihb€hb þ khbhb ¼ Mb; (2)

where Ihf and Ihb represent the moments of inertia of the two valves.
Mf andMb are the hydrodynamic moments exerted on them.

FIG. 1. Schematic illustration of the salp-like swimming system.
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As shown in Fig. 2, the initial shape of the shell is in the fully
deflated slender state (i.e., a¼ a0) and the front valve is initially closed
(i.e., hf ¼ 0), while the back valve is completely open (i.e., hb ¼ p=2).
During the inflation phase (0 � t � T=2), the semi-minor axis is
increased to a1, which is accompanied by the closing process of the
back valve driven by the back spring khb and the low pressure inside
the chamber, and the opening of the front valve driven by the refilling
flow. Therefore, fluid is mostly absorbed from the front orifice. At the
end of the inflation phase, the front (or back) valve may not be
completely open (or closed) due to the passive dynamics. During the
deflation phase (T=2 � t � T), the semi-minor axis goes back to a0 to
expel fluid out of the chamber. This is accompanied by the closing of
the front valve driven by the front spring khf and the high pressure
inside the chamber and the opening of the back valve driven by the
outgoing flow. As a result, the fluid is mostly discharged through the
back orifice, forming a jet flow in the wake and generating thrust.

III. MATHEMATICAL FORMULATION AND NUMERICAL
ALGORITHM

The governing equations and numerical algorithm including the
fluid–structure coupling method have been well documented in our
previous publications,9,28 in which the accuracy and robustness of the
numerical solver were also validated through simulations of bench-
mark problems. We only briefly introduce the key features of the
numerical model.

Defined in a cylindrical coordinate x � ðx; rÞ, where x is the lon-
gitudinal direction and r the radial direction, the hydrodynamic prob-
lem is governed by an axisymmetric representation of the
incompressible Navier–Stokes equations expressed as

q
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þ ux
@ux
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þ ur
@ux
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� �

¼ � @p
@x

þ l
@2ux
@x2

þ @2ux
@r2

þ @ux
r@r

� �
þ fx;

q
@ur
@t

þ ux
@ur
@x

þ ur
@ur
@r

� �

¼ � @p
@r

þ l
@2ur
@x2

þ 1
r
@

@r
r@ur
@r

� �
� ur

r2
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þ 1
r
@ðrurÞ
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(3)

where u � ðux; urÞ is the fluid velocity, p is the pressure, q is the fluid
density, and l is the fluid viscosity. f � ðfx; frÞ is the fluid–structure
interacting force density, obtained through the following rendition
using the two-dimensional Dirac delta function:

Uðs; tÞ ¼
ð
X
uðx; tÞdðx � Xðs; tÞÞdx; (4)

@Xðs; tÞ=@t ¼ Vðs; tÞ; (5)

Fðs; tÞ ¼ a
ðt
0
Uðs; sÞ � Vðs; sÞ½ �dsþ b Uðs; tÞ � Vðs; tÞ½ �; (6)

fðx; tÞ ¼
ð
C
Fðs; tÞdðXðs; tÞ � xÞds; (7)

where s stands for a Lagrangian coordinate along the structural body
C ¼ Cf þ Cs þ Cb. Cf, Cs, and Cb represent the front valve, the body
shell, and the back valve, respectively. X is the fluid domain. X and V
are the structural particle location and velocity, respectively. The
parameters a and b are sufficiently large negative numbers, which are
applied to enforce the consistency in terms of velocities and positions
between the neighboring fluid and structure elements so that the no-
flux and no-slip conditions at the fluid–structure interface are satisfied.
The specific values of these two parameters do not affect the simula-
tion results because the obtained penalty force F � ðFx; FrÞ will even-
tually converge to the desired fluid–structure interaction force after
iterations.

The Navier–Stokes equations are discretized temporally with
the Crank–Nicholson scheme and spatially with a second-order
finite difference algorithm in Eulerian staggered grids. The implicit
treatment of the convective term makes the equations nonlinear. We
linearize the system with a second-order temporal factorization
method.29 Lower–Upper (LU) decomposition is then employed to
decouple the flow velocity and pressure to avoid inversion of large
sparse matrices. During one time step, a provisional velocity field is
first obtained based on the flow field information at the previous
time step. It is then used to update the pressure field. Afterward, the
flow velocity field is updated with the new pressure field to fulfill
mass conservation.8,30

The translational motion of the body in the horizontal direction
is governed by Newton’s equation,

mc€xc ¼ Fn; (8)

where mc is the mass of the body, xc is the location of the center of
mass, whose positive direction is�x (for simplicity, the front and back
valves are not considered when we determine the center of mass), and
Fn is the net horizontal force on the body, obtained as

Fn ¼ �
ð
C
2prðsÞFxðs; tÞds: (9)

The angular motions of the two valves are governed by Eq. (2), in
which the fluid-induced moments acting on the valves are calculated
by

Mf ¼ �
ð
Cf

2prðsÞFðsÞ � rðsÞds; Mb ¼ �
ð
Cb

2prðsÞFðsÞ � rðsÞds;

(10)

where rðsÞ is the arm of the force FðsÞ with respect to the spin axis.

FIG. 2. The deformation of the shell and opening/closing motions of the valves dur-
ing one inflation-deflation cycle.
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Unlike the deformation of the shell that is prescribed with Eq.
(1), both the forward motion of the body and the rotations of the
valves are coupled with the fluid dynamics. The interactions of the
fluid solver and Eqs. (2) and (8) are accomplished through a feedback
scheme.8,28,30

IV. RESULTS

By using the algorithm described in Sec. III, we numerically
examine the dynamics of the system shown in Fig. 1. The purposes of
our simulations are (1) to determine the feasibility of passively acti-
vated valves in this system and (2) to evaluate the effects of the param-
eters of the valves, i.e., the stiffness and inertia, upon the performance
of the system.

Toward this end, we study two scenarios, tethered and free swim-
ming. In the tethered mode, the center of mass of the body is kept
unmoving so that uc � _xc ¼ 0. In the free-swimming mode, the sys-
tem is allowed to move forward according to Newton’s law [Eq. (8)].

Without the disturbance in the flow field and hydrodynamic load
caused by forward motion, in the tethered setup, the one-way valves
are the only factor that breaks the forward-aft symmetry of the system
so that non-zero thrust can be created. This scenario provides a clean
setup to test the dynamics of the valves and their role in thrust genera-
tion. The free-swimming scenario, on the other hand, demonstrates
the actual performance of the system.

We nondimensionalize the problem by choosing the body length
L, the fluid density q, and the deformation cycle T as repeating varia-
bles. In practice, this is conveniently achieved by setting the values of
these three parameters to be unity. The normalized values of some
parameters are fixed in the following simulations, including the
dynamic viscosity of the fluid (l ¼ 0:005), the mass of the body
(mc ¼ 0:05), the diameter of the inlet and outlet (D¼ 0.15), and the
lengths of the semi-minor axis of the shell in its deflated and inflated
states (a0 ¼ 0:05; a1 ¼ 0:07). Correspondingly, the jet-related
Reynolds number Rej, defined as qD~u=l, where ~u is the peak value of
the spatially averaged outflow speed at the outlet obtained as
ðd8=dtÞ=ðpD2=4Þjmax , is around 67. The stroke ratio is 4.7. This par-
ticular stroke ratio is close to the formation number, a stroke ratio cor-
responding to the formation of a single strongest vortex ring after each
discharge.24 It is believed to be the case with optimal energy efficiency
in pulsed-jet propulsion since the vortex ring generated this way con-
tains maximum impulse for given energy spent.7,31,32 For simplicity,
we assume that the front and back valves share the same properties,
i.e., Ihf ¼ Ihb ¼ Ih and khf ¼ khb ¼ kh.

The numerical parameters are chosen based on sensitivity tests
conducted in previous studies.9,18 The size of the computational
domain is chosen to be 5� 1. The finest fluidic grid near the body is
Dx ¼ Dr ¼ 0:003. Along the body (including the shell and the two
valves), 300 uniformly distributed grids are used. The time step is
Dt ¼ 10�4.

In all the following simulations, the one-cycle responses are
obtained in the ninth cycle, when the steady-state (cyclic) responses
have already been established. For convenience, in these plots, the
starting time of the cycle is shifted from t¼ 8 to t¼ 0. The time-
averaged values are also obtained within this cycle. These quantities
are distinguished with an overline.

A. Tethered mode

We start by considering the tethered mode in which the body has
no forward motion so that the swimming speed uc¼ 0. The perfor-
mance of the system in this mode is characterized by two quantities,
the time-averaged net force generation �Fn, and the time-averaged
power expenditure �Ps, where Ps is the instantaneous power expendi-
ture at the shell defined as Ps ¼

Ð
Cs
2prF � Uds. The power expendi-

tures on the front and back valves are Pf ¼
Ð
Cf
2prF � Uds and

Pb ¼
Ð
Cb
2prF � Uds, respectively.

In the first case, the stiffness and inertia of the valves are chosen
as kh ¼ 10�4 and Ih ¼ 10�4. In Fig. 3(a), we plot the variations of the
valve positions, represented by rotational angles hf and hb, within a
refilling–discharging cycle in the steady state. The valves are closed
when their corresponding rotational angles are zero, and fully opened
when these angles are p=2. In the figure, it is seen that at the beginning
of the inflation phase (0 � t � 1=2), hf increases from 0 to p=2, while
hb decreases to 0, corresponding to the opening of the front valve and
the closing of the back valve. When deflation starts (t>1=2), hf drops
back to 0 while hb rises to p=2, so that the front valve is closed and the
back valve is opened. This is exactly the targeted opening/closing
motions of the two valves described in Fig. 2.

Figure 3(b) demonstrates the power expenditures at the shell (Ps)
and the two valves (Pf and Pb). It is seen that most power expenditure
at the shell Ps occurs near the early stages of the inflation and deflation
phases, since at those stages, mechanical energy is needed not only to
move the fluid but also to push the valves. Pf and Pb are mostly nega-
tive during both inflation and deflation, indicating that they absorb
energy from the flow field in both processes. As the valves move, they
are able to store certain amount of mechanical energy transferred to
them from the fluid in terms of kinetic energy and potential energy in
the torsional springs. Part of the stored energy can be released back to

FIG. 3. (a) Rotations of the front valve (hf) and the back valve (hb), and (b) power
expenditure of the shell (Ps), the front valve (Pf), and the back valve (Pb) during
one cycle in steady state. kh ¼ 10�4. Ih ¼ 10�4.
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the flow field, explaining the occasional occurrence of positive Pf and
Pb. The oscillations in Ps are related to vorticity activities in the field,
i.e., the generation, shedding, and evolution of vortices from the valves
(see Fig. 4).

Figures 4 and 5 display the near-body flow fields, including the
flow inside the pressure chamber, visualized through vorticity contours
and streamlines, respectively. As the shell inflates and sucks fluid in
(see t¼ 0 to t¼ 1/2 in the figures), two counter-rotating vortex rings

FIG. 4. Flow field around the body visual-
ized through vorticity contour over one
cycle in steady state. The vorticity range is
from �40 (blue) to 40 (red). Concentration
of positive vorticity corresponds to clock-
wise vortex, and negative vorticity corre-
sponds to counterclockwise vortex.
kh ¼ 10�4; Ih ¼ 10�4.

FIG. 5. Flow field around the body visualized through streamlines in a body-fixed reference system over one cycle in the steady state. kh ¼ 10�4; Ih ¼ 10�4.
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form. One (tagged as “v1” in the figure) is generated from the back
valve, and the other one (“v2”) from the front valve. They are formed
when the inflowing fluid goes around the front and back valves, as
shown by the streamlines. During deflation, the outgoing fluid also
creates two vortices, v3 and v4, as it goes around the valves.

We then investigate the impact of valve design, hereby repre-
sented by the stiffness kh and the inertia Ih, upon the dynamics and
performance of the system. For this purpose, we first fix the value of Ih
at 10�4 and examine the cases when kh ¼ 10�4; 10�3, and 10�2.
When kh is below 10�4, the results are relatively insensitive to its varia-
tion. The system works without the torsional spring, per se.

In Fig. 6, we plot time histories of the rotations of the two valves
in the steady state in these three cases. As kh increases, there is a grow-
ing tendency for the valves to remain or go back to their closed config-
uration. Consequently, during deflation, when kh is large (e.g.,
kh ¼ 10�2), the front valve goes back to the closed location quicker
and remains there longer to prevent leaking through the front orifice
[Fig. 6(a)]. Meanwhile, the fluid forcing is not able to keep the back
valve fully open so that it is partially open most of the time [Fig. 6(b)].
This effectively reduces the diameter of the nozzle. It results in stron-
ger jet and wake, as demonstrated in Fig. 7. For this reason, it is discov-
ered that with Ih fixed, the increase in kh leads to the generation of
larger net force �Fn (see Table I).

In our passive design, the activation of the front and back valves
are achieved through their hydrodynamic interactions with the shell.
Therefore, in stiffer valve cases, it takes more effort Ps to activate the
shell [Fig. 8(a)]. The power transferred from the flow field to the valves
to open them also significantly increases with stiffer valves, as we need
to overcome the resistance from the spring [Figs. 8(b) and 8(c)].
However, there is no significant difference among the cases in terms of
the magnitude of power transferred from the flow field to the valves as
they are closing since there is no resistance from the springs in this

process. In fact, the valve closure process is assisted by the release of
the potential energy stored in the springs. That is why stiffer valves
closes earlier than softer ones. Overall, the time-averaged power
expenditure �Ps increases with the increasing kh, as shown in Table I.

The dependencies of �Fn and �P upon kh remain unchanged in
other values of Ih.

We then study the effect of Ih when kh is fixed. Figures 9 and 10
display the time histories of valve rotations and power expenditures
within one cycle when steady state is established at three values of Ih.
The value of kh is fixed at 10�4. It is seen that heavier valves move
slower (Fig. 9) and consume more energy to move (Fig. 10). Although
during deflation slower opening of the back valve effectively decreases
the size of the nozzle and increases the jet speed, this beneficial effect
on thrust generation is offset by opposite effects such as the leaking at
the front valve during deflation. The net effect is that as Ih increases
the net force �Fn decreases and the power expenditure �Ps increases.

However, additional simulations show that the relative magnitudes
of the beneficial and detrimental effects of increased inertia upon thrust
generation may change when the spring stiffness is changed. For exam-
ple, in Table III, we show the values of �Fn when kh ¼ 10�2 and
Ih ¼ 10�5; 10�4, and 3� 10�4. In this case, �Fn rises with the increase
in Ih, which contradicts the trend shown in Table II when kh ¼ 10�4.
The dependence of �P upon Ih, on the other hand, remains unchanged.

The valve motions in the cases shown in Table III with a stiffer
spring are displayed in Fig. 11. It is seen that similar to the cases with a
softer spring (Fig. 9), the increase in valve inertia Ih slows down the
rotations of the valves, although the effect is less pronounced since the
spring action now plays a more important role. One notable phenome-
non is that at this case, the valves are not able to remain in the fully
opened position for long. In the case, when Ih ¼ 10�5, the valves are

FIG. 6. Rotations of (a) the front valve and (b) the back valves during one cycle in
the steady state at different values of kh. Ih ¼ 10�4.

FIG. 7. Flow fields around the body visualized through vorticity contour at (a)
kh ¼ 10�4 and (b) kh ¼ 10�2 at t¼ 7/8 during deflation. The vorticity range is
from �40 (blue) to 40 (red). Ih ¼ 10�4.

TABLE I. Time-averaged force generation and power expenditure of the system in
the steady state in its tethered mode at different values of kh. Ih ¼ 10�4.

kh �Fn Ps

10�4 1:53� 10�2 0.225
10�3 2:84� 10�2 0.315
10�2 6:24� 10�2 0.741
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not able to reach the fully opened position at all, which may partially
explain the (slightly) reduced thrust in this case.

The corresponding time histories of the power expenditures at
kh ¼ 10�2 and various valves of Ih are shown in Fig. 12. They are
qualitatively similar to the case with kh ¼ 10�4 (see Fig. 10).

FIG. 9. Rotations of (a) the front valve and (b) the back valves during one cycle in
the steady state at different values of Ih. kh ¼ 10�4.

FIG. 10. Power expenditures of (a) the shell, (b) the front valve, and (c) the back
valve during one cycle at different values of Ih during one cycle in the steady state.
kh ¼ 10�4.

FIG. 8. Power expenditures of (a) the shell, (b) the front valve, and (c) the back
valve during one cycle at different values of kh during one cycle in steady state.
Ih ¼ 10�4.

TABLE II. Time-averaged force generation and power expenditure of the system in
the steady state in its tethered mode at different values of Ih. kh ¼ 10�4.

Ih �Fn Ps

10�5 2:35� 10�2 0.128
10�4 1:53� 10�2 0.225
3� 10�4 1:02� 10�3 0.474

TABLE III. Time-averaged force generation and power expenditure of the system in
the steady state in its tethered mode at different values of Ih. kh ¼ 10�2.

Ih �Fn Ps

10�5 5:67� 10�2 0.489
10�4 6:24� 10�2 0.741
3� 10�4 7:11� 10�2 0.989
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The net force generation and power expenditure of the system in
its tethered mode over the range of kh from 10�6 to 10�2 and Ih from
10�6 to 3� 10�4 are summarized in Fig. 13. It is seen that large force
generation is achieved when kh is high, especially if Ih is also large (i.e.,
stiff and heavy valves). Unfortunately, this large force generation is
accompanied by high power expenditure.

The study of the dynamics of the system in the tethered mode
provides insights into its capacity of force generation. This mode
roughly corresponds to the scenario when the system starts from
rest. To evaluate the actual performance of the system with passive
valves in locomotion, free-swimming tests are conducted in
Subsection IV B.

FIG. 11. Rotations of (a) the front valve and (b) the back valves during one cycle in
the steady state at different values of Ih. kh ¼ 10�2.

FIG. 12. Power expenditures of (a) the shell, (b) the front valve, and (c) the back
valve during one cycle at different values of Ih during one cycle in the steady state.
kh ¼ 10�2.

FIG. 13. Dependencies of (a) time-averaged net force �Fn and (b) time-averaged
power expenditure �Ps upon stiffness kh and inertia Ih of the valves in the tethered
mode.
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B. Free-swimmingmode

In the free-swimming scenario, the forward motion of the body
is calculated by using the Newton’s law. To prevent the body from
moving out of the computational domain, a uniform incoming flow
with speed u0 is introduced. The exact value of u0 is case dependent
and determined through numerical tests. During post processing, the
effect of u0 is removed through a transformation of reference systems
so that all the results presented here are obtained in a fixed reference
system without the background flow.

In the free-swimming mode, the performance is characterized by
the following quantities: the time-averaged swimming speed �uc, the
time-averaged power expenditure �Ps, and the cost of transport
CoT � E=l, where the energy expenditure E is obtained by integrating
the power expenditure Ps over one period and l is the traveled distance
during that period.

Figure 14 shows the motions of the two valves, the forward speed
of the body and the forward displacement of the body in the free-
swimming mode for a typical case with Ih ¼ 10�4 and kh ¼ 10�4. It is
seen that the opening and closing sequences of the valves are similar
to those in the tethered case. Meanwhile, positive forward speed and
forward displacement are achieved. After the steady state is reached,
the time-averaged forward speed �uc in this particular case is 0.332 and
the cost of transport CoT is 0.94.

FIG. 14. Time histories of (a) rotations of the valves and (b) forward speed (uc)
and displacement (xc) of the body in free swimming. Ih ¼ 10�4. kh ¼ 10�4.

FIG. 15. Dependencies of (a) the time-
averaged forward speed �uc , (b) time-
averaged power expenditure �Ps, and (c)
CoT upon stiffness kh and inertia Ih of the
valves in the free-swimming mode.
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Finally, in Fig. 15, we plot the dependencies of �uc; �Ps, and CoT
upon stiffness kh and inertia Ih of the valves in the free-swimming
mode. It is clear that the behaviors of �uc and �Ps are similar to those of
�Fn and �Ps in the tethered mode. Specifically, as shown in Fig. 15(a),
large forward speed is reached when both kh and Ih are large (i.e., stiff
and heavy valves). However, in the parametric space that is also the
location with large power expenditure [Fig. 15(b)] so that the corre-
sponding CoT is not necessarily low.

Indeed, a better measure of the locomotion performance is the
cost of transport, displayed in Fig. 15(c). Over the whole parametric
space, we consider, the lowest CoT is 0.37, occurring when Ih and kh
are both at their minimum values, i.e., Ih ¼ 10�6 and kh ¼ 10�6.
However, at this point, the forward speed is also low (�uc ¼ 0:12). It
turns out that CoT is relatively insensitive to variations in kh. For
example, if we keep Ih fixed at 10�6 while raising kh from 10�6 to
10�2, the value of CoT increases from 0.37 to 0.47. On the other hand,
if we keep kh fixed at 10�6 and increase Ih from 10�6 to 3� 10�4, the
value of CoT rises dramatically from 0.37 to 5.55. In fact, in terms of
CoT, a soft and heavy valve delivers the worst performance. To guar-
antee decent efficiency, a safe choice is to use a light valve.

V. CONCLUSIONS

Using an immersed-boundary algorithm, we numerically investi-
gated the locomotion performance of a swimmer inspired by the jet-
propulsion mechanism of sea salps. We concentrated on one important
question in the design of such a system: is it possible to use passive
rather than actively controlled valves to accomplish the flow control
procedure responsible for highly effective thrust generation?

Toward this end, we have created a simple model of the valves
including their stiffness and inertia. Our simulations show that with
this simple design, it is feasible to create the desired opening and clos-
ing motions of the valves which are synchronized with the expansion
and shrinking deformations of the body. These synchronized motions
and deformations not only generate positive thrust in the tethered
mode, but also propel the body forward in the free-swimming scenario.

Systematic simulations have been conducted to illustrate effects
of the design properties of the valves, hereby the rotational inertia and
spring stiffness, upon the force generation capacity, and efficiency.
The results show that if the inertia is fixed, increasing the spring stiff-
ness will enhance the thrust generation and forward speed but
decrease the efficiency, manifested in the increase in CoT. In the
regime of relatively soft torsional springs when the inertia is increased,
the thrust, the forward speed, and the efficiency all decrease. On the
other hand, when the spring is sufficiently stiff, heavier valves may
lead to increased thrust and speed, but decreased efficiency.

In comparison with actively controlled valves (referring to the
systems in which external energy input is needed to directly control
the motions of the valves), passive valves are mechanically simple since
no controlling and actuation system is needed. In real devices, these
valves may be built with flexible materials to further simplify the
design. They may also be more adaptive in various swimming condi-
tions where non-optimized motions of actively controlled valves could
generate large drag force and compromise the performance. However,
by removing external energy input, actively controlled valves should
be able to duplicate any motions passive ones can do. Moreover, when
external energy input is involved, they are also able to perform
motions passive ones cannot do. For that reason, actively controlled

valves work in a bigger parametric space in comparison with passive
ones so that, in principle, they should perform better, although this
performance enhancement is achieved at the cost of more complicated
mechanical design.
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