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Locomotion of a Tank-Treading-Inspired Swimmer in a Pipe

Qiang Zhu

Department of Structural Engineering,University of California San Diego, La Jolla, California 92093-0085, USA.

Abstract

A computational model has been developed to simulate the dynamics and energetics of a novel locomotion method inside a pipe
during straightline swimming. This method relies on shear stress on the solid surface for force generation. Inspired by the tank-
treading responses of red blood cells and vesicles in shear flow, this swimmer features a barrel-shaped body with an open-ended
chamber surrounded by a wall. The wall is made of a flexible membrane enwraping fluid inside. During operation, the body
geometry remains unchanged while the membrane circulates in a tank-treading style, generating a net force through the shear
stress exerted by the surrounding fluid on it. The fluid-structure interaction problem is simulated with a model based on the
immersed-boundary approach and a finite-difference algorithm to solve the axisymmetric Navier-Stokes equations. Systematic
simulations have been conducted with various pipe sizes and the Reynolds number ranging from 1 to 200. The results indicate that
in comparison with the performance of the swimmer in open flow, the propulsive force it generates is enhanced inside the pipe due
to the hydrodynamic interaction with the inner wall of the pipe, whereas the swimming speed is reduced as a result of the increased
drag. Nevertheless, since the drag increment is partially compensated by the thrust enhancement, the speed reduction inside the
pipe is mitigated. It also causes minimal disturbance to the flow field. Two parameters have been used to characterize the energy
efficiency of this system, the propulsive efficiency and the cost of transport. Furthermore, examination of the energy dissipation
in the flow suggests that the energy efficiency of the system may be significantly improved by mitigating energy dissipation in the
interior flow field.

1. Introduction

In recent years, robots have been deveoped to perform tasks such as inspection, maintenance and repair in pipelines
[1]. To navigate and maneuver inside pipes, various propulsion mechanisms have been proposed and tested, including
passive motion driven by pressure gradient [2], walking with multiple-degrees of freedom legs [3], moving on the
inner wall of the pipe through wheels or tracked wheels [4, 5], and inchwarm-type motion that relies on the relative
motion between its front and rear modules [6]. Compared with these traditional designs, swimming robots, often
inspired by living creatures such as fish, offer unique advantages in terms of their manuverbility and reduced footprint
as they do not have direct contact with the pipe [7, 8].

Micro- to nano-scale robots are also used for biomedical purposes. These robots, propelled magnetically or
acoustically, travel through blood vessels to perform tasks such as clot removal, drug delivery or micro surgery [9, 10].
The working conditions of these robots are often more complicated as they have to swim in highly unsteady flow fields
with time-dependent boundary conditions.

For the aforementioned industrial and biomedical applications, it is necessary to develop robots capable of swim-
ming efficiently in pipes with pronounced boundary effect. Towards this end, the performance of various propulsion

Email address: qizhu@ucsd.edu (Qiang Zhu)

1



/ JOURNAL OF FLUIDS AND STRUCTURES 00 (2026) 1–18 2

methods (both conventional and unconventional) in pipes must be investigated. In the current study we concentrate
on the locomotion capacity of a novel swimming method inspired by tank-treading responses of red blood cells inside
a pipe. This recently proposed method relies mostly on shear stress rather than pressure for force generation [11].

Stemming from the hypothetical creature called the ‘Purcell’s toroidal swimmer’ [12], shear-driven swimming
is an unconventional locomotion method in which the momentum exchange between the swimmer and the fluid
environment occurs mostly in the shear direction. As suggested by its name, the original design of this swimmer is
characterized by a torus-shaped body. Unlike bioinspired swimming methods that rely on deformations of the body
and appendages, this swimming mode does not involve any shape change in the body itself. Instead, the outer surface
of the body circulates in the poloidal direction similar to the motion of a smoke ring.

In the Stokes flow regime, theoretical analyses based on asymptotic approach [13, 14] have been conducted [15,
16]. According to these investigations, when the ratio between the major radius and minor radius of the torus is
reduced, the swimming speed can be increased. In the experimental side, a torus-shaped swimmer made of liquid
crystal elastomer has been recently developed and tested [17]. This system absorbs energy from light for activation. To
make sure that the inertia effect is negligibly small, in this experiment a high-viscosity material (polydimethylsiloxane,
or PDMS) was used as the surrounding fluid to compensate for the fact that the size of the swimmer was not sufficiently
small.

At finite Reynolds numbers, the performance of the toroidal swimmer has also been explored through numerical
studies [18, 19]. These studies demonstrate the existence of two locomotion modes with opposite swimming direc-
tions, shear-generated motion and jet-generated motion. Depending on physical parameters such as the aspect ratio of
the body and the Reynolds number, the actual swimming activity of the system is dominated by one of these modes.
Another numerical investigation has been conducted to illustrate the locomotion performance of a pair of counter-
rotating cylinders [20]. Although this study is strictly two dimensional, it bears an uncanny similarity to the toroidal
swimmer in geometry, kinematics, and underlying physics. This two-dimensional swimmer also displays the ability
of swimming in multiple directions driven by the shear stress and the repulsive force from the jet it creates.

Due to the blunt-body design of the toroidal swimmer, significant drag can be generated during forward motion.
The peak swimming speed of such a system was found to be 60-70% of the speed of the skin (hereafter referred to
as the membrane circulation speed). In a recent study, we have proposed an innovative design featuring a streamlined
body for drag reduction and increased surface area parallel to the swimming direction to enhance generation of the
propulsive force via shear stress [11]. The internal structure of this design resembles that of a red blood cell - it includes
a highly deformable membrane enwraping fluid inside. It is propelled by circulatory motion of its membrane, which is
inspired by the tank-treading response of red blood cells [21]. Initial tests have demonstrated that this tank-treading-
inspired swimmer achieves a swimming speed of 80% of the membrane circulation speed, faster than the toroidal
swimmer. It was also shown that this speed is insensitive to the Reynolds number. Compared with existing bio-inspired
locomotion method using deformable bodies, e.g., swimmers inspired by fish, marine mammals, or cephalopods, this
design has the following advantages:

1. Steady speed: Unlike existing designs in which the force generation is achieved by body undulation, fin flapping,
or pulsed jetting, the swimming speed of this swimmer is steady as long as the circulation speed of its membrane
remains unchanged.

2. Straightline swimming: Since there is no lateral force generation, the swimmer can swim along a perfectly
straight path.

3. Reduced footprint: As the body is streamlined and the momentum exchange between it and the fluid occurs pri-
marily in the shear direction, it is expected to leave minimal disturbance in the flow field. The noise generation
may also be mitigated, although investigations in this direction is necessary to prove this.

4. Trans-medium capacity: This locomotion mechanism has the potential in working in various environments,
e.g., crawling on ground or burrowing in granular media [22]. It is thus a promising locomotion method for
trans-medium operations.

The purpose of the present study is to investigate the locomotion performance of the tank-treading-inspired swim-
mer inside a pipe. According to the Couette flow problem, the fluid shear stress on a plate is increased when it travels
parallel to a flat solid boundary due to the increase in the shear rate near it. The implication is that when swimming
inside a pipe, the thrust force on the tank-treading-insired swimmer can be amplified due to its hydrodynamic interac-
tion with the inner wall of the pipe. On the other hand, the drag force on the swimmer can also be increased since it
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Figure 1. (a) The locomotion of a tank-treading-inspired swimmer inside a pipe. (b) The swimmer is propelled by the circulation motion of its
membrane.

is harder for flow to go around it in a confined space. To quantitatively understand the net effect of the pipe wall on
the swimming performance of this system, we will conduct systematic simulations to examine the force generation,
swimming speed, and energy consumption of such a swimmer in a pipe.

The rest of the paper is organized as follows. The next section contains a depiction of the physical system to
be studied, including the geometry and the kinematics of the system. This is followed by a brief description of the
mathematical formulation and the numerical algorithm. The numerical results are then presented. Finally, conclusions
are drawn.

2. Physical problem

As summarized in Fig. 1a, the problem includes a straight and uniform pipe with circular cross section. A
tank-treading-inspired swimmer [11] moves along the central axis of the pipe. The swimmer is characterized by a
barrel-shaped body with both ends open. The side wall of the barrel is made of a fluid (hereafter referred to as the
interior fluid) enwraped within a highly flexible membrane. For simplicity, the interior fluid is assumed to have the
same physical properties (density ρ and dynamic viscosity µ) as the exterior fluid. The central axis of the swimmer
overlaps the one of the pipe.

During locomotion, the geometry of the swimmer remains unchanged, whereas its membrane circulates around
the wall in a manner illustrated in Fig. 1b. This membrane circulation is similar to the tank-treading response of red
blood cells or vesicles in shear flows [21, 23, 24]. We assume that the circulation speed of the membrane is V at every
location.

In an infinite and still flow field, the inner side membrane of the wall moves leftwards during circulation while
the outer side membrane moves rightwards (Fig. 2). The shear forces exerted on the inner side membrane and the
outer side membrane are thus in opposite directions. Within the parametric space considered in this study, the force
on the outer side membrane is larger in magnitude due to the following reasons: 1) The outer side membrane has
larger surface area due to the three-dimensional geometry. 2) The outer side membrane moves in an open flow fields,
whereas the inner side membrane moves in a closed space (the chamber shown in the figure). Subsequently, the net
force generated by fluid-structure interaction points towards left.

The problem is assumed to be axisymmetric and considered within a meridional plane (x,r) as shown in Fig. 3a.
Here the longitudinal coordinate x overlaps with the axis of symmetry and r is the radial direction. Two scenarios are
considered, tethered and free swimming. In the tethered scenario, the center of mass of the swimmer is not allowed
to change. The focus is on the force-generation capacity and power expenditure of the swimmer in the confined
space within the pipe. In the free-swimming scenario, on the other hand, the swimmer undergoes self-propelled
motion inside the pipe. The swimming speed, power expenditure, and efficiency will be recorded for analysis. Figure
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Figure 2. Schematic depiction of the membrane circulation and the subsequent shear stress on it due to the surrounding fluid.

Figure 3. (a) Rendition of the physical problem in a meridional plane (x,r). (b) The numerical achievement of the circulatory motion of the
membrane in the immersed-boundary method.

3b shows that with the immersed-boundary formulation utilized in the current study, the membrane circulation is
achieved by the prescribed motions of the structural grids (see §3.3 for more details).

The geometric parameters are also displayed in Fig. 3a. As shown in this figure, the body length is L, the diameter
of the barrel is D, and the thickness of the wall is d (the two ends of the wall are closed with semicircles whose
diameter is d). Correspondingly, the diameter of the chamber in the barrel is D−d. The diameter of the pipe is D0.

When activated, the geometry of the body remains unchanged, whereas the membrane circulates around the wall in
a tank-treading manner with a constant speed V (see Figs. 1b, 2 and 3a). This circulatory motion transfers momentum
into the surrounding flow field through shear stress and disturbs both the exterior and the interior flows. Although
it costs energy, the motion of the interior fluid does not participate in thrust generation as the force it exerts on the
membrane is an internal force. The propulsion effect is thus attributed to the momentum transferred to the exterior
fluid, which includes two parts, the outer side flow and the inner side flow (i.e., flow in the chamber). In the outer side
flow field, the membrane generates a flow in the +x direction so that the force on the body is in the −x direction (Fig.
2). This part of the axial force is called the shear-generated force, as it is exerted on the body mostly through the shear
stress on the outer side membrane. In the inner side flow field, the jet flow created by the membrane motion is in the
−x direction. The repulsive force associated with this jet is thus in the +x direction. Even though this repulsive force
also acts through the shear stress on the membrane, it is called the jet-generated force to distinguish it from the one on
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the outer side membrane. Previous studies on toroidal swimmers [18, 19, 20] suggest that the relative importance of
these two forces depends on the Reynolds number and the size of the chamber - the jet-generated force dominates in
cases with high Reynolds number and large chamber, otherwise the shear-generated force is dominant. We concentrate
on cases in which the shear-generated force dominates and the swimming direction is −x. In this swimming mode,
the jet-generated force points towards the opposite direction of swimming so that it needs to be mitigated for better
performance.

For simplicity, it is assumed that the swimmer is neutrally buoyant and the pipe it swims in is horizontal so that
no gravity effect is considered.

3. Mathematical formulations and numerical approach

3.1. Governing equations
Let u ≡ (ux,ur) be the flow velocity, p be the pressure, and f ≡ ( fx, fr) be the force exerted by the solid object on

the fluid, by invoking the immersed-boundary approach the fluid dynamics is governed by the axisymmetric Navier-
Stokes equations as

ρ
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In the immersed-boundary method, f is determined via the following relation through the Dirac delta function

f(x, t) =
∫

Γ
F(s, t)δ (X(s, t)−x)ds, (2)

where x ≡ (x,r) is the location vector. Γ represents the contour where the membrane is located, with s being a
Lagrangian coordinate along this contour. F ≡ (Fx,Fr) is the force exerted by the fluid on the solid object. X is the
location of a point on the contour measured in the (x,r) coordinate system.

In this approach, F is obtained by enforcing the no-slip and no-flux conditions at the fluid-solid interface through
a penalty method. Specifically, to prevent neighboring fluidic and structural particles from drifting away from each
other, the fluid-structure interaction force is specified as

F(s, t) = α
∫ t

0
[U(s,τ)−V(s,τ)]dτ +β [U(s, t)−V(s, t)] , (3)

where V is the structural velocity, and U is the fluid velocity at the fluid-structure interface. Again, by using the Dirac
delta function U is evaluated as

U(s, t) =
∫

Ω
u(x, t)δ (x−X(s, t))dx, (4)

where Ω is the fluid domain. α and β are numerical parameters whose values have no effect on the results if they are
sufficiently large. Based on numerical tests, the values of these two parameters are −105 and −50, respectively.

3.2. Dynamic analysis
The swimming direction of the system is −x, thus the fluid dynamic force on the body in this direction is defined

as the body force Fb. This force is obtained by integrating Fx (the component of F in the x direction) over the contour
of the body, i.e.,

Fb =−
∫

Γ
2πr(s)Fx(s, t)ds. (5)

The power expenditure P is obtained as

P =
∫

Γ
2πrF ·Uds. (6)
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In the free-swimming scenario, the forward motion xb (defined as the displacement of the center of the mass in
the −x direction) is determined through Newton’s law as

mb
d2xb

dt2 = Fb, (7)

where mb is the mass of the swimming body. The simulation is carried out until the swimming speed ẋb reaches a
constant value U .

The body force Fb is usually considered as a superposition of thrust FT (the force in the direction of swimming)
and drag FD (the force in the opposite direction of swimming), i.e., Fb = FT −FD. At the free-swimming speed U , the
thrust force and the drag force balances each other so that Fb = 0.

A widely used measure to quantify the locomotion efficiency of a swimming object is the propulsive efficiency η ,
defined as FTU/P. The difficulty in this approach is that in deformable swimmers with no clear distinction between
their bodies and propellers, it is hard to accurately decompose thrust and drag from the net force on the body, which is
often the only output from experiments or simulations. To resolve this issue, several approximate methods have been
proposed [25], including:

1. The method based on the drag force on a towed rigid body: In this approach, the drag force on the swimmer
which undergoes a towed motion at the same speed as its free-swimming speed without any deformation is used
as the approximation of the drag in free swimming [26]. The accuracy of this method may be questionable if
significant body deformation is involved in free swimming.

2. The method based on the direction of force components: This method separates the longitudinal force on the
swimmer into two parts based on their origin, pressure force and viscous force. The time histories of these parts
are obtained. At each time instant, if any one of these is in the swimming direction, it contributes to thrust.
Otherwise, it contributes to drag [27]. This method cannot be used in cases in which the force on the body is
steady.

3. The method based on the physical origin of a force component: This method was developed for a jet-propelled
swimmer [28]. By utilizing control-volume analysis, the components of the jet-related forces are found to be
the jet momentum flux, the normal stress at the exit plane, and the flow acceleration inside the body. The thrust
force is obtained by summarizing these components. It is still not clear if this approach can be used for a wider
range of swimmers.

In the problem we study, there is no geometric deformation of the body. The only change on the body is that
its membrane circulates in a tank-treading manner. We thus employ the first approach to obtain the thrust force and
the propulsive efficiency η . In our model, the drag force FD in the free-swimming scenario is calculated as the net
longitudinal force on the swimmer when the circulation is terminated and the swimmer is towed at the free-swimming
speed U .

An alternative parameter to measure the energy efficiency of a swimmer is the Cost of Transport. The classical
definition of this parameter is P/(mbU) , where g is the gravitational acceleration [29]. For generality, the present
study will be conducted in a dimensionless way, in which the normalized value of g is not known until the exact values
of the length scale and the time scale are determined. Besides, the body mass mb is not going to be changed in our
simulations. For this reason, we use a slightly modified definition of Cost of Transport, CoT ≡ P/U .

3.3. Numerical method

The fluid-structure interaction problem formulated in §3.1 is solved in a rectangular computational domain in the
x− r space (Fig. 4). The bottom side of this domain corresponds to the axis of symmetry r = 0. The top side of the
domain is the inner wall of the pipe. The boundary conditions for flow velocity u and pressure p are all included Fig.
4.

A finite difference algorithm has been developed to solve the differential equations in §3.1. This method includes
a second-order method for spatial discretization. For high resolution, near the solid body a denser mesh is used with
grid sizes of ∆x and ∆r in x and r directions, respectively. Out of this zone a coarser mesh is used for computational
efficiency. The Crank-Nicholson method is employed for time integration. The time step is ∆t.
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Figure 4. The computational domain and boundary conditions. The shaded area represents the region where a denser mesh is used.

Name ∆x (=∆r) number of structural grids
coarse 4.8×10−3 730
medium 3×10−3 1167
fine 2×10−3 1751

Table 1. Properties of different computational meshes.

In the immersed-boundary approach, the solid structure (hereby the zero-thickness membrane) is represented by
isolated grids. The grid size in the s direction is ∆s. To achieve the circulatory motion of the membrane, these grids
circulates along the contour of the membrane in a prescribed motion at the given speed V (see Fig. 3b). This drives
the motion of both the exterior and the interior fluids.

Detailed descriptions of the numerical method as well as validations can be found in previous publications [30,
31, 32]. For example, this method has been used to study the dynamics of flow around a circular cylinder [31]. The
predictions closely match benchmark results from literature. Further validations have been conducted in our recent
study with a configuration similar to the one used here [11]. In that investigation, the numerical model has been
used to find the drag force on a fixed toroidal object in a uniform flow field. The predictions agree perfectly with the
results reported in literature [33]. Numerical sensitivity tests with various configuration and kinematics have also been
conducted with satisfying results, indicating the validity and accuracy of this method. Additional sensitivity tests will
be conducted in the following section for the choice of numerical parameters.

4. Results

The problem is normalized by using the fluid density ρ , the body length L, and the speed of membrane circulation
V as the repeating variables. This way, in the following results the lengths are normalized by L, the speed by V , the
forces by ρL2V 2, the power and the energy dissipation rate by ρL2V 3, and the vorticity by L−1V . For convenience,
we do not change the symbols of the variables defined earlier, although hereafter they are all dimensionless.

The important parameters in this problem are: a) the body diameter D, b) the wall thickness d, c) the pipe diameter
D0, and d) the Reynolds number Re ≡ ρV L/µ). In this study, we focus on a case in which D = 0.4 and d = 0.2. The
range of D0 is between 0.9 and 1.8. Four values of Reynolds number between 1 and 200 are selected.

4.1. Numerical sensitivity test

To further prove the validity of the numerical method, and to choose the numerical parameters for the follow-
ing simulation, we carry out a numerical sensitivity test by choosing three different computational meshes (coarse,
medium and refined) with properties detailed in Table 1 while keeping the length of the computational domain as 10
and the length of the zone with denser mesh as 4. Two time steps, ∆t = 1×10−4 and ∆t = 5×10−5, are also examined.
A representative case in the tethered swimming scenario with Re = 100 and D0/D = 0.6 is used for this test.
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∆t = 1×10−4 ∆t = 5×10−5

coarse 0.517 0.516
medium 0.501 0.497
Refined 0.493 0.492

Table 2. Sensitivity of the predicted body force Fb to computational mesh and time step.

∆t = 1×10−4 ∆t = 5×10−5

coarse 0.826 0.820
medium 0.808 0.802
Refined 0.798 0.794

Table 3. Sensitivity of the predicted power expenditure P to computational mesh and time step.

Tables 2 and 3 show the variations of the body force Fb and power expenditure P predicted with different numerical
parameters. It is seen that these numerical results are not sensitive to both the computational mesh and the time step.
Other tests have been performed to check the sensitivity of the results to the sizes of the computational domain and
the zone with high mesh density. It has been discovered that these factors have almost no effect on the results so that
these tests are not presented here.

Balancing numerical accuracy and computational efficiency, in the following simulations we choose the medium
mesh and ∆t = 1× 10−4. According to the sensitivity tests, this set of numerical parameters may lead to errors less
than 2% in Fb and P. In the tethered scenario, the length of the computational domain is chosen to be 10 and the length
of the denser mesh zone is 4. In the free-swimming scenario, to prevent the swimmer from exiting the computational
zone, the length of the computational domain is increased to 18 and the length of the denser mesh zone is increased
to 9.

4.2. Tethered scenario
In the tethered scenario the forward motion of the swimmer is disabled so that it is fixed at the center of the

computational domain. Meanwhile, the membrane circulates around in the given speed so that a body force Fb
determined by Eq. (5) is generated.

Figure 5 demonstrates the predicted values of Fb and the power expenditure P in this mode as functions of the
pipe size represented by the ratio D0/D at four values of Re, 1, 10, 100, and 200. The corresponding values of Fb
and P when the swimmer operates in an open flow without boundary are also plotted for reference. These results are
obtained by using the approach reported in our recent publication [11].

Comparing the results at Re = 1 and 10, it is seen that both Fb and P are almost linearly proportional to 1/Re. This
is explained by the fact that within this range of Reynolds number, when other parameters are fixed the shear stress
on a flat plate in a flow parallel to it is proportional to the viscosity µ [34]. At higher Reynolds numbers, however, the
dependence of Fb (or P) upon Re becomes more complicated as the relation between shear stress and µ drifts towards
the Blasius solution. This is reflected in the cases at Re = 100 and 200 in Fig. 5.

The most pronounced feature in Fig. 5 is that both Fb and P increase in narrower pipes with smaller D0. For
physical insight, in Fig. 6a we plot the longitudinal flow velocity (ux) profiles at a cross section that separate the
swimmer into two equal parts (referred to as the ‘center line’ in the caption of the figure) at two representative values
of D0/D, 4.5 and 2.25. It is seen that above the outer side membrane, at D0/D = 2.25, ux has a much larger slope,
indicating larger shear rate, and thus larger shear stress in the −x direction. An interesting finding is that below the
inner side membrane the flow is in the −x direction in both cases, and the flow speed surpasses the circulation speed
of the membrane so that the shear stress exerted on the inner side membrane by the flow is also in the −x direction.
This contradicts the scenario shown in Fig. 2, in which the direction of the shear stress on the inner side membrane is
assumed to be in the +x direction. This is due to the fact that in this case there is neither an incoming flow or forward
speed of the body. The tank treading motion of the membrane creates clockwise circulatory flow around the body (see
Figs. 6 b and c). When this circulatory flow enters the chamber its speed is increased due to conservation of mass.
This acceleration effect is amplified when the chamber size is reduced, increasing the propulsive force at the cost of
more energy consumption.
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Figure 5. The force generation Fb and power expenditure P at various values of Re and D0/D in the tethered scenario.

Figure 6. (a) Profiles of the longitudinal flow velocity ux along the center line (see the dashed line in the inset) of the swimmer with D0/D = 4.5
and 2.25. (b) and (c) Near-body flow fields visualized via the streamlines with D0/D = 4.5 and 2.25. Re = 100.
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Figure 7. The free-swimming speed U and power expenditure P at various values of Re and D0/D in the free-swimming scenario.

4.3. Free-swimming scenario – dynamics

In the free-swimming scenario, the forward motion of the body is simulated by using Eq. (7). The simulation
continues until the swimming speed ẋb reaches a steady-state value U , which is defined as the free-swimming speed.
At this state, the corresponding power expenditure is recorded as P. In these simulations the body mass mb is chosen
to be 10−3. This value does not affect U and P, although it does affect the acceleration process towards the steady
state.

Figure 7 displays the free-swimming speed U and the power expenditure as functions of the diameter ratio D0/D
at different values of Re. It shows that despite the enhanced propulsive force inside a pipe, the swimming speed is
decreased in comparison with its value in an open flow. This is explained by the increase of the drag effect inside a
pipe. For illustration, in Fig. 8 we plot the drag force FD on the swimmer when the membrane circulation is turned off.
Instead, the swimmer is towed at its free-swimming speed U . It is seen that in all the cases the swimmer experiences
a larger drag force FD inside a pipe, and the value increases when the diameter of the pipe is reduced. This is due
to the fact that inside a tube it is more difficult for the fluid to go around a solid object so that the blocking effect is
increased.

Unlike D0/D, the effect of the Reynolds number Re upon U appears to be weak, as can be seen by comparing
the four sub-figures in Fig. 7 with different values of Re. In these simulations, the geometry of the object, the fluid
density, and the circulation speed of the membrane are kept unchanged. The variation of Re is achieved by choosing
different values of viscosity µ . Based on approximations such as the Blasius solution, it is reasonable to assume that
the shear stress on the membrane can be written as f1(µ) f2(X, ẋb), where X is the location vector of the point on the
membrane and ẋb is the forward speed. f1 and f2 are unknown functions. In the lower range of the Reynolds number
considered in this study (Re = 1− 10), f1(µ) ∼ µ [34]. Above this range, it shifts towards the Blasius solution of
f1(µ) ∼ µ1/2. The function f2 depends on the geometry of the swimmer and the size of the tube, while f1 does not.
Subsequently, the net force on the body Fb, which is dominated by the shear stress, can be approximated by integrating
the shear stress on the body so that we have Fb ∼ f1(µ)F2(ẋb), where F2 is another unknown function that depends on
the geometry of the swimmer. It is easy to see that with this approximation, when the geometric parameters are fixed
the free swimming speed U is the solution of F2(ẋb) = 0, which does not depend on µ and thus Re.
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Figure 8. The drag force FD on the body without membrane circulation towed at the free-swimming speed U at various values of Re and D0/D.
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Figure 9. The propulsive efficiency η and cost of transport CoT at various values of Re and D0/D in the free-swimming scenario.
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Figure 10. Comparison between the swimming speed of the current tank-treading-inspired swimmer and that of a swimmer with constant thrust at
different values of Re and D0/D.

The effect of the pipe on the power expenditure P does depend on the Reynolds number. It turns out that when
Re is small, the effect of the pipe on P is reduced. For example, as shown in Fig. 9, when Re = 1 and D0/D = 4.5,
the power expenditure remains almost unchanged in comparison with its value in an open flow. However, at the same
D0/D = 4.5, when Re is raised to 100, there is a 2.7% increase in P compared with the open flow case. When Re is
200, the increase in P is 4.2%. However, based on these results this effect is quantitatively insignificant. Indeed, it is
so subtle that it is not reflected in any notable characteristics in the surrounding flow field.

The two parameters characterizing the efficiency of the swimmer, the propulsive efficiency η and cost of transport
CoT , are plotted in Fig. 9 as functions of D0/D at the four values of Re considered. They predict different trends in
terms of the effect of the pipe on the energetics.

Inside the pipe the swimmer has higher propulsive efficiency if Re = 1 or 10 when compared with the values
in open flow. This is attributed to the significant increase in the drag force FD (and, subsequently, the thrust FT )
inside a pipe as shown in Fig. 8, which overcomes the decrease in swimming speed U and the increase in the power
expenditure P (see Fig. 7). At these two values of Re, there is a peak value of η around 0.27, reached when D0/D is
0.3. This peak value is significantly higher than the propulsive efficiencies of 0.12 at Re = 1 and 0.15 at Re = 10 in
open flow. In the cases when Re = 100 or 200, the rise of the thrust inside a pipe is not sufficient so that the propulsive
efficiency η there remains below the value in open flow. This value drops monotonically when the pipe diameter is
reduced.

Since no thrust is included in the definition of the cost of transport, this property is not affected by the increase
in FD inside a pipe. Thus, at all the Reynolds numbers considered CoT increases with smaller pipes. Besides, at no
combination of Re and D0/D its value goes below the open flow one, suggesting diminished efficiency inside a pipe.

As the propulsive force generated by the shear-driven mechanism is expected to increase in narrower pipes (see
Fig. 5), it is expected to offset the effect of drag increasing in these pipes (Fig. 8) to certain extent and benefit
the free-swimming speed U . To quantitatively illustrate this effect, we hereby consider a swimmer which has the
same geometry as the tank-treading-inspired swimmer so that it experiences the same drag force FD in the same
conditions (forward speed, Reynolds number, and pipe diameter), yet the thrust force FT on this hypothetic swimmer
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Figure 11. Profiles of the longitudinal flow speed ux measured in a body-fixed reference system along the center line at Re = 1 ((a) and (c)) and
100 ((b) and (d)) in the free-swimming scenario.

is independent of the pipe diameter and the forward speed – it remains the same as the one in the free-swimming
condition in open flow at the given Reynolds number. This value is denoted as FT 0. Hereafter this case is called
the swimmer with constant thrust. The swimming speed U of this swimmer in a pipe is obtained by determining the
speed at which the drag force on it is balanced by the given thrust FT 0, i.e., FD(U) = FT 0. The results are plotted in
Fig. 10, where they are compared with the free-swimming speed of the tank-treading-inspired swimmer at the same
conditions. It is clearly seen that the tank-treading-inspired swimmer wins the race in all the cases, and its advantage
is more pronounced at lower Reynolds numbers.

4.4. Free-swimming scenario – flow fields
The near-body flow fields are illustrated by the distribution of the longitudinal flow speed ux along the center line

of the body (see Fig. 5 for the definition of the center line) and the distribution of the vorticity ∂ux/∂ r − ∂ur/∂x
around the body.

Figure 11 plots the longitudinal flow speed ux along the center line at two values of Reynolds number, 1 and 100.
The speed is measured in a body-fixed coordinate system which follows the forward motion of the swimmer. Two
regions are plotted: r > 0.3 (in the gap between the outer side membrane and the inner wall of the pipe) and r < 0.1
(inside the chamber). For comparison, the corresponding flow speed profiles in open flow are also shown. According
to this figure, in the gap the distribution of ux is almost linear when the pipe is narrow (e.g., D0/D = 2.25). When
D0/D decreases, the slope of the ux ∼ r curve on top of the outer side membrane which lies at r = 0.3 is increased at
both Reynolds numbers so that the shear stress there is raised. Inside the chamber, the distribution of ux is not far from
-1, the speed of the inner side membrane. The implication is that the shear stress on the inner side of the membrane is
much lower than the one on the outer side membrane.

The distributions of vorticity are shown in Fig. 12. It is seen that aside from the strong vorticity in the interior
flow field, the concentration of vorticity is mostly within a small region close to the body and in the gap between the
outer side membrane and the inner wall of the pipe if the pipe diameter is sufficiently small. There is no prominent
flow vorticity anywhere else. According to the flow field illustrated by the streamlines (Fig. 13), near the ends of the
swimmer there are regions in the vicinity of the central axis of the pipe where there is certain disturbance caused by
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Figure 12. Near-body flow fields visualized through vorticity at Re = 1 and 100 in the free-swimming scenario.

Figure 13. Near-body flow fields visualized through streamlines at Re = 1 and 100 in the free-swimming scenario. The flow is measured in a
body-fixed reference system.
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Figure 14. Distribution of the dissipation rate per unit volume of fluid ϕ at Re = 1 and 100 in the free-swimming scenario.

the swimmer. Behind the swimmer, however, the effect of the swimmer disappears after a very short distance from it.
Based on these results, we conclude that the disturbance caused by the swimmer during self-propelled locomotion is
localized and there is no long-lasting wake behind it as in other locomotion methods.

4.5. Process of energy transformation
During the swimming process, mechanical energy is transferred from the membrane to both the interior and the

exterior flow fields. Eventually, the energy is dissipated by the viscous effect. The rate of energy dissipation per unit
volume of fluid is defined as ϕ , which is determined as

ϕ = 2µ

[(
∂ur

∂ r

)2

+
(ur

r

)2
+

(
∂ux

∂x

)2
]
+µ

(
∂ux

∂ r
+

∂ur

∂x

)2

. (8)

By examining Fig. 14, it is easy to see that significant amount of the energy dissipation occurs in the interior
flow field. This part of energy loss is balanced by the work done by the membrane to the interior fluid. For better
illustration, in Fig. 15 we plot the portion of power expenditure spent to activate the interior flow field ΦI/P, where
ΦI =

∫
ΩI

ϕdx is the rate of energy dissipation in the interior flow field (ΩI is the volume occupied by the interior
fluid). In the cases we study, the range of ΦI/P is between 0.55 (when D0/D = 2.25 and Re = 200) and 0.65 (when
D0/D = 4.5 and Re = 1). A general trend is that ΦI/P decreases at smaller values of D0/D. This is consistent with
the distribution of ϕ shown in Fig. 14, where we see that in narrower pipes more energy dissipation happens in the
exterior flow field between the outer side membrane of the swimmer and the inner wall of the pipe.

The interior flow field does not participate in the generation of propulsive force – the force it exerts on the mem-
brane is an internal force with zero net effect. This means that most of energy consumed by the membrane for its
circulatory motion is wasted. If this part of energy is saved, the energy efficiency of the system will be greatly im-
proved. A possible way to achieve this is by using an interior fluid with smaller viscosity. However, in practice it
may not be straightforward to employ this strategy. First, it is not always easy to find an interior fluid with the desired
physical properties such as density and viscosity. Even if such a fluid is available, there is a need to completely sepa-
rate it from the exterior fluid, which might be a challenge in mechanical design. Furthermore, since the density of the
interior fluid is most likely different from that of the exterior one, there is a need to balance buoyancy effect. From the
numerical point of view, if the viscosity of the interior fluid is lower than the range considered in this study, there is
a possibility that the interior flow field may not be axisymmetric anymore due to instabilities that leads to the growth
of disturbances in the azimuthal direction. For example, to keep the flow around a sphere axisymetric, the Reynolds
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Figure 15. The portion of power expenditure dissipation in the interior flow field at various values of Re and D0/D in the free-swimming scenario.

number has to be below 210. If the Reynolds number in the interior flow field is sufficiently low, there could even be
turbulence effect. In these scenarios, a more sophisticated numerical model is necessary.

5. Conclusions and discussion

With a fluid-structure interaction model based on the immersed-boundary framework, the dynamics of a novel
propulsion method utilizing the shear stress on a solid surface exerted by the surrounding flow have been investigated.
The focus is on the locomotion performance of this system inside a straight and uniform pipe with circular cross
section. Different combinations of pipe size and Reynolds number have been considered in both the tethered and the
free-swimming scenarios.

By fixing the geometry of the swimmer and the circulation speed of its membrane, it has been illustrated that in
the tethered scenario when the body is not allowed to move, both the propulsive force Fb and the power expenditure
are increased in the pipe due to the hydrodynamic interaction between the circulating membrane and the inner wall of
the pipe. When the Reynolds number is within the range between 1 and 10, Fb and P are almost linearly proportional
to 1/Re. Above this range, there is certain deviation from this linear relation.

In the free-swimming scenario, on the other hand, there is a reduction in swimming speed inside a pipe despite
the increased propulsive force. This is attributed to the rise in drag force in the pipe. Although the swimming speed is
significantly affected by the size of the pipe, its dependence on the Reynolds number is much weaker. In terms of the
energy efficiency, using different criteria may lead to different conclusions. According to the propulsive efficiency,
if the Reynolds number is small the swimming efficiency inside a pipe may be higher than the one in open flow,
while if the Reynolds number is relatively large the opposite trend is observed. On the other hand, if the cost of
transport is chosen as the criterion, the confinement effect inside a pipe diminishes the swimming efficiency in all the
cases considered. The key difference between these two criteria is whether or not the thrust force is included in the
definition.

The cost of transport used in this study is actually not dimensionless – it has the dimension of force. Such param-
eter may be more meaningful in characterizing the energy performance of the same system in different conditions.
The original definition of the cost of transport is normalized by the weight of the swimmer. However, the body weight
does not have direct relation with the swimming speed, as it is determined by the balance between thrust and drag.
Similarly, it is not directly associated with the power expenditure, which is the power transferred from the swimmer to
the surrounding flow during locomotion. Thus the physical basis of this definition may be questionable. The propul-
sive efficiency, on the other hand, is a dimensionless parameter. It may thus be a better tool in comparing the energy
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performance of different systems. However, the evaluation of this parameter in the free-swimming scenario involves
the somewhat controversial step of thrust-drag decomposition so that it has to be used with caution.

Visualizations of the surrounding flow field show highly localized vorticity distribution resulting from the loco-
motion activity of the swimmer. Therefore, this method is a good option in applications where minimal disturbance
to the flow field is preferred. The dissipation rate in the flow field due to viscosity has also been studied. Most of the
dissipation occurs in the interior flow field. This part of energy is completely wasted as the interior flow has nothing
to do with the generation of propulsive force. Therefore, by improving the design of the system to mitigate energy
dissipation in the interior flow, the energy efficiency of the system may be significantly enhanced. Further studies in
this direction are necessary.

The current study is purely computational. Future experiments are needed to validate the numerical predictions
and pave the way for the development of prototypes. Toward this end, it is necessary to design activation systems to
create the skin circulation. A possible way to do this is by adopting the mechanical system developed by Eken et al.
[22]. Driven by a motor, this device is able to achieve continuous skin eversion similar to the circulatory motion in our
system. Robotic systems based on this design will have industrial and biomedical applications in which locomotion
inside pipes or pipe-like structures such as blood vesicles is necessary. These robots can be used in operations such as
monitoring, issue detection/repairing, delivery, and micro surgery.

Data Availability Statement

The data that support the findings of this study are available from the corresponding author upon reasonable
request.
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