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Abstract

Real-time manipulation of objects in micro flows is important due to an ever
increasing interest in demanding medical applications. Specialized swimming
micro robots are expected to perform minimal invasive surgery consisting of
various in vivo tasks. Moreover, fluid forces exerted on moving surfaces are
crucial for maneuverability if swimming micro robotic tools are ever to play a
key role in therapeutic applications. Hydrodynamic forces acting on an isolated
object of regular blunt shapes immersed in micro flows are calculated by
resistive force coefficients based on the Stokes Flow approximation derived by
analytical means. However, force coefficients presented in literature often lack
the accuracy to predict the hydrodynamic interactions between rotating and
translating objects of irregular shapes, and rigid concave surfaces such as a rigid
helix moving inside a cylindrical channel. In this study a set of parameterized 3D
CFD simulations are carried out using a novel geometric representation for rigid
helical tails of varying sizes and of varying distances with respect to the wall of a
cylindrical channel. Furthermore, the complex rigid-body motion of the helix is
represented by a series of simple translations and rotations. Each simulation is
governed by Stokes equations and carried out by a commercial CFD package. A
generic resistive force coefficient set is obtained via surface-fit procedures based
on the hydrodynamic forces computed by the CFD simulations along the
tangential, normal and binormal directions on the moving and rotating helical
surface. Finally, using a reduced-order microhydrodynamic model, the proposed
coefficient set is validated with empirical data collated using bio-inspired cm-
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scale robots autonomously swimming in a cylindrical channel filled with silicone
oil of high viscosity. The robots are on-board powered and propel themselves
with rotating rigid helices of parameterized geometric features. The CFD-based
coefficient set predicted the experiment-based velocities of the bio-inspired
untethered robots with good agreement.

Keywords: cylindrical channels, bio-inspired robots, untethered swimming, low
Reynolds number flows, CFD analysis, resistive force coefficients, reduced-order
models.

1 Introduction

Microswimmer robots are expected to be highly beneficial in medical studies in
the near future with possible applications of minimal invasive surgery such as
kidney stone destruction, retina repair, opening clogged arteries [1-3].
Controlled swimming of bio-inspired robots is crucial to high precision in-vivo
and in-vitro applications [4-6].

Kinematic and dynamic modeling of bio-inspired swimmer robots rely upon
resistive force coefficients to predict the hydrodynamic thrust generated by the
articulated tail carrying out helical or planar wave propagation and the net
viscous drag acting on the payload against the swimming direction [7]. However,
these coefficient sets are mostly applicable for slender tails actuated in
unbounded mediums of high viscosity [8] with a few exceptions for slender
bodies moving near solid plane walls [9, 10].

Furthermore, there exist approximate analytical solutions based on harmonic
functions or Stokeslet functions representing the induced flow field due to
the helical wave propagation in viscous fluids confined to cylindrical channels
[11, 12].

In this study, a novel coefficient set is implemented via CFD simulations and
validated with experimental results. Untethered bio-inspired robots with rigid
rotating helical tail are built and employed to study the dependence of swimming
behavior on parameterized helical tail geometry, i.e. wave length and wave
amplitude. A reduced order model based on resistive force approach is
implemented to predict the observed swimming velocities. In order to obtain a
generic coefficient set to predict the net thrust generated by rotating helical tails,
a CFD study is carried out on pairs of a separate torus and a separate rod, which
together represent a full helical wave of different geometric configurations.
Local fluid forces exerted on separate torus and rod geometries induced by their
relative motion to the cylindrical walls are carefully examined under
parameterized wall proximity, tail radius and wave amplitude. Computations are
used to implement the resistive force coefficient sets for the torus and the rod
individually via surface fitting. Finally these coefficient sets are incorporated
into an effective force coefficient set for a complete helical wave in the reduced
order model. Performance of the new set is compared against another coefficient
set which is presented for swimming near plane walls in the literature.
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2 Methodology

2.1 Experimental Setup

Figure 1 demonstrates the components of the cm-scale robotic prototype.
Payload of the untethered robot is designed as a sealed case comprised of a silica
glass cover and a plastic cap, which holds a rechargeable Li-Po battery, a
coreless brushed DC-motor, an IR-receiver and PWM controller circuit. The
mechanical power is transmitted to the rigid helical tail by a coupling element.
Rigid helical tails are made out of copper wire of 1 mm diameter by winding and
deforming to desired wave geometries and are actuated via the dedicated DC-
motor. The bullet shaped payload is 18 mm in diameter and all helical tails
presented in this study are of the same apparent length of 60 mm. Manufacturing
details are discussed elsewhere in detail [13].

Body Tail
IR-receiver Li-Po Battery ‘

Revolute Joint Rigid Copper Wire
& PWM\IL: ( . _\/\//g\})\/

= DC-M;O\rMechanical Coupling t
Silica-Glass Casing  Plastic Sealing y—X

Figure 1: Bio-inspired robotic prototype.

Figure 2 illustrates the experimental setup for the in-channel swimming
studies. The untethered robot is placed in a glass channel of 30 mm in diameter
and actuated with an IR-controller. The channel is filled with silicone oil of
3.5 Pa-s viscosity and both ends of the channel are sealed forming a confined
medium. The channel is placed in a silicone oil bath horizontally and a 30 fps
CCD-camera is placed 15 cm above to capture the swimming action. The details
of the experimental procedure and helical tail actuation are provided elsewhere
[14, 15]. Important details of the experimental setup are presented in Table 1.

Table 1: Important properties of experimental setup.
Channel Diameter 30 mm
Channel Length 350 mm
Total Swimmer Length 105 mm
Body Diameter 18 mm
Helical Tail Length 60 mm
Copper Wire Diameter 1 mm
Helical Wave Amplitude Parameterized
Helical Wave Length Parameterized
Si-Oil Density 985 kg/m®
Si-0il Viscosity 3.5 Pass
CCD-Camera 640-by-480 Pixels @ 30 fps
CCD-Camera Elevation 150 mm
Li-Po Pack Rating 70 mA-h with 3.7V
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Figure 2: Experimental setup and the swimmer inside the silica glass tube.
2.2 Reduced-order microhydrodynamic model

The model implemented in this study is based on the resistive force theory where
all inertial forces are neglected due to the fact that the dynamic behaviour of the
robot is primarily dominated by the hydrodynamic shear acting on its surfaces
[16, 17]. In this scheme, the fluid forces acting on a surface can be expressed in a
linear relationship with the local velocity of that surface [18].

The equation of motion in order to find the swimming velocity of the
untethered robot is given by [15]:

Fo + Ft + Fett =0, 1)

where F is the six-by-one generalized resistance force vector acting on robot
surfaces, subscripts b, t and eff denote the surfaces of body, surfaces of the tail
and effective rotational friction torque acting on the robot respectively. The
hydrodynamic force acting on the body and tail of the robot are specified as:

Fbt = —BptUpt 2

where, U is the generalized six-by-one rigid body velocity vector, and B is the
corresponding six-by-six fluid resistance matrix.

The generalized velocity vector of the body is also the swimming velocity of
the robot. Furthermore, the generalized velocity vector of the helical tail includes
the actuation, i.e. rotation with respect to its long axis. Given that the local
position of an arbitrary point on the tail with respect to center of mass is given by
vector P, the rotational velocity vector of a right-handed helix with respect to
robot’s center of mass is obtained from its time derivative asdP/dt = Q, x P
where the tail rotation rate is Q@ = [w 00]".

The resistance matrix By for the rigid body is implemented similar to B
however, effortlessly based on the fact that the body of the swimming robot is a
blunt object [19]. Furthermore, the effective rotational friction Fe acting on the
robot is treated separately than standard fluid resistance forces and calculated
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with the help of actuation system dynamics [15] which is beyond the scope of
this work.

Tail resistance matrix B, is obtained from the integration of the local force
coefficients which are projected onto the lab coordinates as:

f RCR' —RCR'S
Bt:

SRCR' -SRCR'S
Ll

(£/Ly) dx @3)

where ¢ is the actual length of the wire, S is the skew-symmetric matrix
corresponding to the cross product with local the position vector on the tail, R is
the rotation matrix between the local Frenet-Serret coordinates, i.e. tnb-frame,
and the robots’ own frame of reference [20].

The local resistance on the tail, denoted by C in resistance matrix of the tail,
is considered as a diagonal matrix that consists of the elements of local resistance
coefficient set explicitly articulated for local in the tangent, binormal, and normal
directions [15].

There are several approximations for the viscous drag exerted on slender
objects submerged in unbounded mediums [7, 8, 21] and moving near solid
boundaries [9-12, 22, 23]; however, none presents a resistive coefficient set for
helical tails moving near cylindrical walls. Given the linearity of the Stokes Flow
approximation, it is plausible to represent a complex geometry such as a finite
helix as the combination of simpler blunt objects, e.g. a series of slender tori and
rods. The effective C matrix then could be implemented as:

C= Ctorus + Crod 4)

with superimposed drag coefficients in tnb-frame based on local projection due
to the attack angle ¢ (see Figure 3) of helical tails [15]:

Top view

Helix

Figure 3: Attack angle ¢ of the helical tail.

¢ = ¢/ cos(¢) + ¢l sin(¢)
¢y = ¢ cos(¢) + ¢l sin(¢) . (5)
cp = 5% cos(¢) + cf2™S sin(()

and the local force coefficients are formulated as:

rod,torus} _ TU
Cft,n,b} Y= o d )
aln d +b|n[°h +cC d] +e
Mtail Mail ch
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where constants {a, b, c, d, e} are to be determined by surface fit analysis, p is
the dynamic viscosity, d is the local proximity to the channel walls, R, is the
channel radius, and ry; is the radius of the helical tail. This new set incorporates
the corrections for the ratios of d/r;;, Ren/rair and d/R., together. Furthermore, the
local proximity, i.e. d in the above equation, is not the shortest local distance
between but the shortest local distance within the same quadrant of helical tail
and channel. It also is noted that the equation postulated here is determined by
several trial-error steps on the solution of the surface fit study.

The next section presents a detailed discussion on how to conduct numerical
experiments to predict fluid resistance vector exerted on a torus and rod
undergoing certain rigid-body motions near solid boundaries.

2.3 CFD simulations and surface fit

The CFD study based on a design space sweep for dimensions and proximity of
well known geometries followed by a surface fit provides a novel set of force
coefficients. In the following study the helical tail is assumed to be concentric
with cylindrical channel of unit radius.

Open boundary conditions are set at the channel inlet and outlet boundaries to
analyze the torus. No-slip boundary condition is imposed on channel walls.
Motion in tangential, normal, and binormal directions of the torus (see Figure 4)
are studied separately, with unit velocity boundary conditions imposed on its
surface as Uyrys = [21 1 1], respectively. The fluid stress vector per unit length
of the torus in tnb-frame is calculated by integrating the fluid stress [24] over
entire surface area as:

Fap ™ = 27rR f [=pl+ 1l dA, ()
torus

torus

Florus — f (Riorus X [— pI + 1])¢ dA (8)

27TRtorus

tOI’US

where Ry is the major radius of the torus, R s is the local position vector of
an arbitrary point on the torus, p is the static pressure, T is the viscous stress
tensor, A is the area, and Sy,s denotes the total surface area of the torus.

As opposed to the previous analysis, in order to simulate the rod in a channel,
periodic boundary conditions [25] are set at the channel inlet and outlet
boundaries. Hence, the rod intersects with the inlet and outlet perpendicularly to
eliminate the end effects. Moreover, periodic boundary conditions imply that the
studied rod is only a smaller segment of the actual geometry. Similarly to the
torus study, no-slip boundary condition is imposed on channel walls. Motion in
tangential, normal, and binormal directions of the rod (see Figure 5) are studied
separately, with unit velocity boundary conditions imposed on its surface as
Urog = [1 1 1], respectively.
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Torus  *

Concentric torus in the cylindrical channel. Tangential direction
points the rigid-body rotation long the symmetry axis; binormal
direction points the rigid-body translation along the symmetry axis;
normal direction points rigid-body translation in radial direction.

\\
R
s

Channel -

Rod in a channel with periodic boundary conditions. Tangential
direction points the rigid-body translation along the symmetry axis;
binormal direction denotes the instantaneous lateral translation due
to rigid-body rotation; normal direction points rigid-body
translation in radial direction.

The fluid stress vector acting on per unit length of the rod is calculated by:

L rod

rod

1
Fios = f [-pl + tlinp dA )
S

where L,.q is the length of the rod, and S,.q is the total surface area of the rod.

3 Results

CFD simulations are carried out with the fluid domain governed by steady
incompressible Stokes equations subject to conservation of mass. Dynamic
viscosity, u, and density, p, of the fluid is set to 1 in order to incorporate the
effect of viscosity in the resistive force coefficient set. Second order Lagrangian
tetrahedral elements are used. Solutions are obtained by PARDISO direct solver
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[26] and each simulation requires approximately 10 minutes on an Intel Core i7
system with 4 GB of RAM.

A total of 936 individual CFD simulations are carried out for 13 different ryy
values between {0.0025, 0.05} and 12 different d values between {0.067, 0.8}
for rigid-body motions of the torus and the rod in all three directions as depicted
in Figure 4 and Figure 5. Corresponding surface fits are obtained by least square
method with 95% confidence interval (see Figure 6 for the surface fit on total
fluid resistance o, due to radial motion of the torus). Details of the simulations
and surface fit study are presented elsewhere [15]. Predicted parameters, i.e.
{a,b,c,d,e} in Equation (6), for resistive force coefficients of the torus and the
rod are:

fa b c d ef9={1 —05135 -3 0.3 3}

{a b c d e}° ={0.15 0.062 0.75 0.08333 —0.8}
{fa b ¢ d e} ={06 -0335 -3 0.2 275 10)
{a b ¢ d e} —{0.15 0.05 0.237 6 0.05}

{a b ¢ d e} —{0.0705 0.2 15 0.25 —1.3}

{a b ¢ d e} ={0.2 -0.027 05 02 -0.2}

It is observed that the coefficients corresponding to normal and binormal
directions demonstrate the asymmetry of the induced flow field due to the
presence of the cylindrical walls as opposed to swimming in an unbounded
viscous medium. These coefficients can also be compared against the known
resistive force coefficients based on Stokes flow approach [9, 21].

In the experimental study, images captured by CCD-camera are inspected
frame-by-frame in order to resolve the body rotation rate, Qp.qy, and tail rotation
rate, w,;, along with swimmer’s forward velocity Usyimmer - It is noted that lateral
rigid body translations or rotations are observed to be insignificant and excluded.
Furthermore, the condition of Re < 0.1 for Stokes flow approach to be valid is
satisfied for each and every experiment.

There are sixteen rigid helical tails with four different amplitude and
four different wave lengths. Each tail is used individually to conduct five distinct
experiments; hence, velocity values are obtained by averaging out five
distinct measurements for each quantity mentioned above.

The reduced-order hydrodynamic model is used to predict the forward
velocity and body rotation rate of the swimmer while the tail rotation rates are
used as inputs for each individual tail configuration. Time-dependent
integrations are carried out by Adams-Bashforth-Moulton PECE solver [27] with
a solution time of a few seconds and the time-averaged results presented here are
obtained via averaging out two full periods.

Experimental results are predicted with both the CFD based novel coefficient
set presented in this paper and the coefficient set given by Brennen and Winet [9]
for slender rods moving near plane walls, which previously tested [14].
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.~ Proximity

Figure 6: Surface fit for torus undergoing rigid-body translation in normal
direction. (Adjusted R-square = 0.9998, Root mean square error =
0.06694).

Figure 7 demonstrates the performance of the coefficient sets against each
other and the experimental results. In Figure 7, N, is the number of helical waves
on the tail, Ugyimmer/Uwave 1S the ratio of the velocity of the swimmer to the
velocity of the helical waves, Qyoq/ @i IS the ratio of body and tail rotation
rates, and Bo/Ryqy IS the ratio of helical wave amplitude to the radius of the
cylindrical body of the swimmer. The disagreement between experimental and
computational velocity ratio results in Figures 7a,e is due to the weight of the
helical tail resulting in extra translational friction on the channel walls [13, 14].
As the wave length increases, the agreement between velocity ratios improves
dramatically and the novel set produces comparable or better results (see
Figures 7b—d) except for large wave amplitudes where wall friction becomes
important.

Likewise, the agreement on the ratio of body rotation rate to the tail rotation
rate improves by increasing wave length and results. Furthermore the new
coefficient set predicts the sensitivity of the rotation rate ratios to the wave
amplitude successfully (see Figures 7f-h).

4  Conclusions

In this study, a parameterized experimental study is carried out to study the
effect of helical wave geometry on a bio-inspired robot swimming in a
cylindrical channel with both ends closed. The channel is filled with high
viscosity Si-oil to satisfy the condition Re < 0.1. A total of 80 experiments are
conducted and the velocity values are obtained by averaging out the observed
displacements and rotations per unit time.

A series of CFD simulations are carried out to be able to implement a novel
resistive force coefficient set for helical tails moving near cylindrical walls. Each
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helical wave is represented by a separate full slender torus and a separate rod.
The torus is replaced in a long channel to exclude the entrance effects whereas
the rod is modeled such that the end effects are completely eliminated. A series
of CFD simulations, which are governed by stationary incompressible Stokes
equations, are carried out with parameterized wave amplitude, hence the
proximity, and tail radius of concentric helical tails.

The fluid resistance values exerted on torus and rod are used in surface fit
study, which utilized least square method with 95% confidence interval, to
determine the parameters of the novel resistive coefficient set. It is noted that the
postulated coefficient set is established via a procedure of trial and error. The
novel coefficient set includes corrections for d/ryj, Ren/ran and d/Rq,. However,
future study is required to include the wave length effect in the coefficient set.

The reduced-order model based on resistive force coefficients is utilized to
predict the observed body rotation rates and forward swimming velocities given
that the observed tail rotation rates are used as inputs, i.e. actuation frequency of
the tail. The performance of the new set is compared against a coefficient set
presented for rods moving plane boundaries. The latter set was successfully used
to predict the velocity values of the bio-inspired robot previously.

For high wave numbers, i.e. small wave lengths, the reduced-order model
fails to predict the swimming velocities; however, as the wave length increases
the agreement improves dramatically to the point where the new set produces
comparable, and in some cases superior with an error smaller than 1%, results.
However, the agreement deteriorates for the smallest and the largest wave
amplitudes with N, = 3. Overall, the new set predicts the effect of wave length
and wave amplitude on the swimming velocities reasonably well.
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