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OZET

Yuzebilen mikro robotiksistemler gelecektki minimal invaziv cerrahi uygulamalar

I -in alternatif oluxktur maktadeéer. Mi kr o boyu
dolu bokluk ve kanall ar da v er iktarilhucreleri gbi Kk e ki |
doj al mi kr o YézZécel eri takl it et mel er i g €

h¢crel erinin mi kr o boyut!l ar da hi drodi namik

opti mizasyon -aléekmalarée a-éséndan °nem t ack
Bu - al &k mikerdtaklit edema &anhtimetre boyutundaki robotik prototiplerin
dé¢zgen silindirik kanal l ar i -erisindeki Y

prototiopler takedekl are batarya ve kontrol

ederek kendileriny ¢ k sek vi skoziteld: séveéelar i -erisi
yé¢zme héezé il e dejikken kuyruk geometri si,
kanal duvarl aréna yakenlek ilixkkileri i ncel
Daha sonr a, hesapl amaneét o dk @ & k adnal yaarn a me kb
-al ekmal aré yapeéel mékter . Benzekim -al eékmal a
eden b u Y éZéC¢ robotl ar model | enmi K, vV e d
yapél mekter . Dojrul anméck nkdselkl evi sikloez i tse&ln
i -erisinde duvar etkil erinden baj émsez ol a

kuyrukl aré araseéendaki hi daryaceicthe fni kK kenk klaea -l
ve de kuyruk geometri siemiin dy¢ 2 me el @mnani Kz e rri.
Son olarak, direnguvveti-t e o r i s i zamarsb ajralll-@erbestlikdereceli bir

mi kr ohi drodi nami k model geliktirilmiktir. B
t ¢ m -dsintvee akiewrhkalner i séf é Robdkuaypy2 mee dh é-imk &t @ r
kuvvetley ¢ z me k eését | anbmrgiéderécedenl k@rnderdklamlea lsistemi ile

hesapl anmaktadér . Mi krohi drodinami k model ,
akéekkanl ar mekani il ebemaye €ri urh g & @Ddodt dejalr a€n a n
mikrohidrodinamik model, érnek modela banl € kontr ol -al ekxmal ar é
ile y¢ksek héz i-in gebekunmissaéeimadhe kmgk udr t



ABSTRACT

Modeling and control of swimming untetheredcro robots are important for future
therapeutic medical applications. Biwspired propulsion methods emerge as realistic
substitutes for hydrodynamic thrust generation in micro realm. Accurate modeling, power
supply, and propulsiomeans directly affect the mobility and maneuverability of
swimming micro robots with helical or planar wave propagation.

Flow field around a bienspired micro swimmer comprised of a spherical body and a
rotating helical tail isstudiedwith time-dependent thredimensional coputational fluid
dynamics (CFD) modelAnalytical hydrodynamic studiesn the bodies of well known
geometriessubmerged in viscous flows reported in literatdoenot address the effect of
hydrodynamic interactions between the body and the tail of tha lelunboundediscous
fluids. Hydrodynamic interaction@re explainedqualitatively and quantitatively with the
help of CFDmodel.

A cm-scalepoweredbio-inspired swimmer robot with helical tails is manufactured
including a payload and a replaceable rigid helical tHile payload includes eboard
power supply and remointrol circuitry. A number of helical tails with parameterized
wave geometry aresed. Swimmer performed in cylindrical channels of different diameters
while fully submerged in an elbath of high viscosity

A reaktime six degreesf-freedom microhydrodynamic model is developed and
implemented to predicthe rigidbody motion of theswimming robots with helical and
travelingplanewave tails. Results ofmicrohydrodynamic models with alternative
resistance coefficients are compared aga@Sb simulationsand inrchannel swimming
experimentsvith different tails Validatedmicrohydrodynamic model isurther employed
to study efficient geometric designs with different wave propagation methods within a

predefined design space.
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1. INTRODUCTION

1.1.Objectives of the Thesis

The demand for minimal invasive surgery and the achievements in micro and nano
technology lead to the possibility of artificial micro robotic devices performingtireal in
vivo therapeutic operations. The subject matter in this text is focused emspiced
untethered robots, which mimic the bacterial propulsion methods, swimming in channels.
Furthermore, the study is expanded to include the hydrodynamic interactions between body
and tail of bacteridike swimmers.

The main objectives of this thesiseagiven as: to develop a hydrodynamic model for
designoptimization and control, to validate the proposed hydrodynamic model with CFD
models and physical experiments, and to understand the hydrodynamic interactions within
the swi mming midtlo robotds body an

Extensive CFD simulations and-alhannel swimming experiments are carried out for
different geometric designs and configurations. Experiments are carried out in order to
study the physical scenarios, which would raise numerical complications forb@sed
analysis. Similarly, CFD simulations are carried out for physical scenarios, which are
required more demanding experiments. Although the -Giddel is validated with a set of
special experiments, the gap between the two is resolved with the helppaiposed
reducedorder hydrodynamic model, which is based on residtiveetheory and validated
in rigid-body kineanatics with experiments and CHBDodels.

Furthermore, the proposed model is tested for accurate force and torque calculations
in time-dependent fashion, which led to a considerable modification in resistance matrix of

the swimmer robotds body.
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Finally, given the speed and fidelity of the proposed hydrodynamic model, the
possible future uses, such as numerical inspection for efficient geowuhesigns or model

based position control, are presented.

1.2.Background

The swimming artificial micreobot concept was introduced and elaborated on by
Ri chard F. Feynman in his celebrated | ectur
(1959) ad nifli ni t esi mal mes @ listamtegoay @ achidpo@ded that
several techical problems about manufacturimgnd precision issueasre dealt with The
Aswal |l owabl e S ur g e ohydreymmanwithenptiie lecture in d268 c e d
Hollywood, lateron, against all scaling laws (Hs2002) made an effort to present the idea
for the sake of ait at the box officeb y Faifitastic Voyage i n , ahd® @&éther
filnnerspace, in 1987 Both movies were about small scale submarines withamicrew
inside reduced in size such that they can actually roam inside the human tissue, i.e. blood
vessés and digestive system

Progress in micro fabrication techniques aweérincreasing prospects micro realm
lead to promising bianspired micro-fluidic and micrerobotic medical applications for
therapeutic purposegWise, 2007) Potential advantages of micro swimming robots can
revolutionize the modern medicinBwimming micro robots are presented in literature as
the candidates of minim#nvasive surgery tools to handle therapeutic operations such as
kidney stone destruction or retina repair (Bog2@08; Martelet al, 2009; Nelsoret al,
2010 Fountainet al, 201Q. It is wellestablished by the scallop theorem that the
conventionalpropulsion mechanismsuch as propellerare ineffective in micro realm,
where the Reynolds numbg@Re), i.e. the ratio of inertial forces to shear forces (Batchelor,
2005),0f the surrounding flow field is generally much smaller than unity rendering macro
scale propulsive methods inefficient (Purcel®77). Purcell articulated the inevitable
requirement of Ati me irreversible actuati on

steps would result in almost no net displacement in micro realm, also knofvisasa | | o p
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T h e o r(Rumodll, 1977)This theorem explains that being virtually independent of time; a
net motion in one direction cannot be sustained by repeating a certain action because
eventually the cycle would cancel out itselAddressing to this isg, propulsion
mechanisms of bacteria and spermatozoa depend on wave propagating slender tail
structures (Brenmeand Winef1977).

Inducing the desired waving action that mimics nature and controlling its behavior
while interacting with the environment in micro realm would constitute a reliable
propulsion system to propel a therapeutic robot introduced into the human body either via
i nci si onsd or MfAnat ur aBasep entolbsenatjossomn Kadteaid ank o w,
spermatozoa, and through some macro and rsicate experiments, propulsion
mechanisms of natural micro swimmers are established as viable candidates for propulsion
of autonomous micro swimming robots (Horelaal,, 1996;Edd, 2003 Behkam and Sitfi
2004; Dreyfuset al, 2005;Behkam and Sitti, 20@6 Yu et al, 200@; Yu et al, 2006h
Kosaet al, 2007; Zhangt al, 2009; Chert al., 201Q Tabaket al, 2011.

The subject matter in the following section is a very brief yet comprehensive list of
diverse examples in the literature from fifties to the current year. It has been chosen to
eliminate most of the massive pile of work published over the years to strasso$ the
important results based on observation, -m@thematical modeling, physical
experimentation and finite element analysis. Each example is presented with its technique
and results with emphasis on its importance to this stihyre detailed review are

presented by Young (2006) and Lauga and Powers (2009)

1.2.1.0bservations on Natural Micro Swimmers

Observations on natural swimmers are carried out by fast CCD cameras and TEM
analysis, mostly with darkield method. Several specimens of spermatozoa and bacteria
species are used to understand how natural micro swimmers are propelling themselves in
viscaus domains.The mathematical models cast to approximate the flow resistance on

deforming slender surfaces are baseth&se visual inspectioms part.

27



1.2.1.1 Examples ofnatural micro swimmers presented in literature

In 1955, Gray and Hancock introduced thasistive forcecoefficients for a micro
swimmeb $ail structure which are based on the approximate solutionghef Stokeslet
functions, and the local rotation matrix on the tail surface due to wave propagiicn
They studied the swUmemhing $Spdramatoo zmdo ASEmp
experimental data collatedarlier on They have compared the observational data of
spermatozoa dP. miliaris with theoretical calculationand verified their redts (Gray and
Hancock, 1955).

In 1964, Brokaw based on observations with photomicrograpesnted out that the
planar waveswhich arecarried out by the flagella of a spewell, do not consist of pure
sine wavesln 1966, Brokaw presented a set of vegtailed observation notes on Sea
Urchin spermatozoa motility, including numerical values of viscosity, wave length, waving
frequency and propulsion velocity. This study showed that observed natural swimmers tend
to decrease wave amplitude and freqcy b swim more steadily (Brokaw, 1966)

In 1977, Brennen and Winet presented their work on the actual physical structures of
flagellar and ciliar motors, i.e. how they are attached to the cell body and how they are
actuated inleiding a discussion ot s | ebodire he or y 0 a n cimptes obined ¢ a | e
by observationsThey presented a detailed data on morphology and propulsion means of a
list of natural swimrers based on 2D observatiohhey also carried out a discussion on
how different Stokeslet fictions can be formed for mang flow field conditions (Brennen
and Winet, 1977)

In 1980 and 1981, Gibboremd Gibbonsst udi ed t he MAwave patte
spermatozoa by optical means and tabul ated
different propulsive conditionsAuthors discussed how the beating form of the flagellum
change when in transition,ei unsteady swimming effectsshich will help us to find
optimum nonrsinusoidal beating form for different behavig@Gibbons and Gibbons, 1980
1981).
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In 1995, Frymieret a. e mpl oyed a #Atracking microsco,]
information and compared the results with numerical investigations concluding that
hydrodynamic theories capture the change in forward propulsion behavior in case of
presence of a solid boundary but not adequate to explain swimming constantly near a solid
wall (Frymieret al, 1995) Frymier and Ford (198 studied the effect of solid boundaries
on the swimming of bacteria. Authors concluded that trajectory of a bacsetlxee
dimensional without presence of a solid boundary; however, trajectory is confined te a two
dimensional path (Frymier and Ford, 199

I n 1996, Crenshaw published himerwiuchk on f
is important because earlier obggion results are generally litad to 2D behavior as
discussed by Brenneand Winet (1977)with a discussion explaining that the trajectory of
most natural micro swimmers including some spermatozoa is helical instead of a two
dimensional curve in spadq€renshaw, 1996)

In 1999, Armitageet al. presented pure observation results on maximum and average
swimming speeds of Rsphaeroidsand E. coli via differential interferene contrast
microscopy technique

In 2000, Mahadevan and Matsudaira listed drstussed micro bacterial actuation
mechani sms comparing them to macro worl d e
effect (in other words the effect of thermal ngis®. motion of molecules, due to the
temperature of the environmégnectinmyosin tyee f i ber s andr ofi fgliavg enl gl
specific power valuesOne of the most interesting details presented was that the specific
power, i.e.in[ergsg’] , of a #fAflagellar motoro is four
with Atypical @®ahadevangaedr-Matsudaria, 2000 i n e

In 2001, Wooley and Vernon showei dark field microscopyhat spermatozoa of
Echinus esculentysa seaurchin speciescan alter the form of wave propagation from
helical wave to plaar wave as viscosity increasedid observation implies that some
natural swimmers are equipped and able to use both wave propagation techniques up on
need (Wooley and Vernon, 2001).

In 2007, Gadelhat al. carried out a pure observation study and focused on the planar

wave propagation fothree different natural swimmespecimes, i.e. C. deanei C.
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fasciculateandL. major, and tabulated the geometry and propulsive behafispecimens
of those speciewith the help of recorded images.

In 2008, Corkidi et al. observed the swimming behavior of spermatozoa both
Aconfined to swim in 2D06 and reconstruct th
swimmers have a higher velocity than confined ones with helical trajectory instead of 2D

trajectory although they ilize planar wave ppagation as propulsion method

1.2.1.2.Actuation mechanisms ofmicro swimmers

Planar wave propagatiomf mi cr o s wi mree byaligingtactiimyosin s i nd
type fibers and tubules embedded in the tail structure. Deformations are created from base
to tip and fade towards the end due to viscous dissipations. The lateral deforomatian
tail actuallyforces the fluidslide over thesurface while the viscous resistance is, in part,
propelling the swimmer forward§Gray and Hancock, 1953; Brennen and Winet, 1977,
Lighthill, 1975).Discussions on theoretical energy consumption catimris can be found
in (Seigh, 1962). A bull spermuse21 1 Agfsgec i n mB8\eome nd sagda Uur c
r e q ul,8rlebsr/sge ¢ 1 &.tBoth figures are calculated just to overcome the shear
resistances on the tails. A further discussion on ciliar beating strategies, and power
consumption for planawave propagating natal swimmers can be found inlégh, 1962).

Details of inner structure of whilike tails and natural swimmers utilizing them can be
found in (Fawcet, 1970; Gibbonk981)

One important actuation system used by natural swimrparscularly with bacteria
speciesjs the bacterial motor. A bacterial motor uses Brownian motionmio¥ements of
molecules due to temperatyte induce the tail rotation. In fact, bacterial motor is a ratchet
system only releasing itself wittertainthermodynamic conditioarises The rotation rate
and direction are controlled within the cell membrane; however, Brownian noise is the
main energy source for bacterial motor (Berg, 2003). More detailed study on bacterial
Arotaryo mot o rChildrass 138HRavid @and rEidenbach, 1984; Washiu
al., 1993; Berry and Berg, 1996; Taylor and Zhulin, 198B8rg, 2000;Lobaskinet al,

2008; Browret al, 2011).
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In 1905 Albert Einstein published his first work on Brownian motion and four other
papes followed by him. Brownian motion in general is the direct result of the kinetic
energy of fluid molecules. As fluid molecules affect each other via collusions they also
interact with solid boundaries they come in contact with. These collusions alfsdiien
of any microscopic particle (Einstein, 1956). Brownian effect not only forces the suspended
particles to translate but also rotate in time (Berg, 1993). But the apparent viscosity of
fluids in micro realm prevents sudden and long distance jumpsstein, 1959). Hence
resultant motion can be described as small and random fluctuations in an arbitrary direction.
The colliding particles can even be studied
There are several numerical and observationalies on Brownian effect such as (Bonilla,
2007; Howse, 2007).

1.2.2.Analytical Models of Micro Swimming

Literature provides resistive force coefficients based on solely local translations of
whip-like or helical tails (Gray and Hancock, 1955; Lighthll§76; Johnson and Brokaw,
1979) or incorporating the local proximity of bending filaments to solid boundaries
(Brennen and Winetl977; Laugaet al, 2006) as welland drag coefficients of isolated
bodies with known geometries, such as spheroids, in wssélows Perrin, 1934 Perrin
1936 Happel and Brenner, 1965; Berg, 1993; WH@06). This sectiorists the important
cornerstones o&nalytical models of natural swimmepsesented in literatuye.e. beads
with well-known geometries and tails carrying out wave propagation, either isolated in

unbounded media or interaction withanother boundary in the vicinity.

1.2.2.1.Modeling local flow fields andinducedlocal resistances

In 1951, Sir Taylor presented his work on the effects of wave propagating boundaries
in contact with highly viscous fluids in micro realm. First part of his study was explicitly

focused on an anchored infinite sheet carrying out planar sinusoidal waagatiop with
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small amplitudes. He elaborated on the resulting flow field with a detailed analysis of
relationship between waving geometry with outcome of hydrodynamic effects such as
resultant fluid velocity, required energy to sustain the wave propagates, he extended

the analysis to large amplitude wave propagation and finally studied the propulsion forces
for an unanchored sheet in contact with fluid on both surfaces. He concluded that change in
propulsion velocity is linearly dependent to prodoeétsquare of amplitude change and
propagation frequency (Taylor, 1951).

In 1953, Hancock presented his work on the flow field around the plane wave
propagating tail of a spermatozoon using local Stokeslet functions on the tail to capture the
surrounding fbw field and its effect on mior s wi mmer 6 s o v.eRemating per f
Stokeslet functios on tail instead of sole surface velocities due to local structural
deformation allows modeling the fluid behavior around the moving boundary dnefea
assuming o flow field. This study showed that when Stokeslet functions are used the effect
of wave tips pushing the surmoding fluid can be capturedrurthermore, based on
approximate solutios, he formulated the resistivercetheory (RFT) for particles
undergong quasistatic rigidbody motions in viscous flowgiancock, 1953)

Sir J. Lighthill (19) apgied the slendebody-theory for a swimmer, composed of a
single helical tail without body, using a Stokeslet velocity field and the corresponding
distribution of the point forces on the tail; approximate analytical relationships for
tangential and normal resistive force coefficients for an infilbgth filament are
obtained in the analysis along with a syttimal set to calculate local viscous resistance
(Lighthill, 1975 1976). However, Lighthill pointed out that RFT ignores the long range
interactions between the body and the flagellum, and between the parts of the flagellum;
inclusion of the longange interactions results in the slertiedy-theory (SBT)(Lighthill,

1975).

Higdon (1978; 1979) used a numerical integration method for the integrals
approximated by Lighthill in his work (Lighthill, 1%j to calculate the velocity of a
swimmer with a spherical head and a helical tail, and reported the variaitidme
swimming velocity with the tail length, wavelength and amplitude given in dimensionless

forms with respect to the diameter of the body.
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In 1979, Johnson and Brokaw published their work on comparing the resistive force
theory, which assumes a statawy fluid, and slender body theory, which assumes a
surrounding flow field, concluding that slender body theory, hence the slender body
coefficients, are more advantageous when the swimmer body is too large in dimensions
comparing with the tail structurResistive force theory and slender body theory are simply
used to predict the force on a dynamic surface immersed inside a viscous fluid in micro
realm Authors concluded thatslenderbody-theory is advantageous in calculating
swimmers with large bodiesud to the fact that resistisferce-theory approach does not
account for bodyail interactions however, computational requirements of slender body
theory are considerably higher than thesistiveforcetheory analysis(Johnson and
Brokaw, 1979).

Johnson(1980) discussed that a nonzero lateral force is calculated by extended
slenderbody-theory studies based on singularity solutions on fil@bgth helical filaments,
whereas resistivéorcetheory is based on fordmlance along the long axis of infinite
filaments thus lacking the precision to predict lateral forces due to geometric impurities of
the tail and hydrodynamic interactions betw

In 1996, Koehl discussed that the drag coefficient and its conditiopahdence on
surface morphology and the pressure distribution of a swimmer in general concluding that
for different Re number regimes, e.g. especially for Reskre inertial forces become
dominant (Batchelor, 20058irag coefficient turns out to be relatedpurely form drag due
to pressure distribution on the moving body (Koehl, 1996).

Sir Lighthill (1996a) presented the three dimensional flow field solution based on the
Stokeslet distribution along an infinite helixighthill concluded that the torqueerted on
the fluid leads to vortex formation located close to the tail and perpdadto its long axis.
Moreover hedemonstrated that the induced field should change its direction of flow on the
plane perpendicular to the long axis near the center of the helical tail. Furthermore, he
argued that the induced force field, which is signified by Stokeslets, manifestzédcal
fl ow fields in the direction of wave propag
an infinite lengthail without a body being towed.ighthill, 1996q).
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Manghiet al. (2006) presented their work on a rotating elastic Hangth filaments
andresultant propulsive effect solving for coupled thermal, hydrodynamic, and structural
effects with RotnéPrager Green functions.

Camasseet al (2008) studied the flow field induced by rigbdy rotations of a
particle. Authors studied the flow field ated around a moving prolate spheroid in viscous
flows, and discussed that the stokes flow assumption around a slender body undergoing
rigid-body translations and rotations are valid folR@r<< 1 for the surrounding flow fields
and Re << 1 for the viscibg on the moving objectwhere Sr (Strouhal number) is the
dimensionless frequency of the flovdauthors suggested thabrf rigid-body rotations
satisfyingSi/Re ~1, unsteady effects must be studied (Camasal, 2008).The SiRe
term, i.e.the product of Strouhal number witReynolds number, signifies the inertial

effects in oscillatory flows in viscous fluids (Laser and Santiago, 2004).

1.2.2.2.Modeling interactions with environment

Hydrodynamic interaction between a spherical body anaviiks of the channel it is
confined with are studied extensively in literature. Happel and Brenner (1965) argued that
when two spheres undergo rigady-translations in tandem, the leading sphere would
have to overcome higher fluid drag, thus leading lmwer translational velocities.
However, Nasseri and Phdimien (1997) studied the hydrodynamic interaction between
two micro swimmers with helical tails swimming in tandem concluding that the swimmer
in front attains higher velocitiealexander and Yeonmes (2010) studied the hydrodynamic
interaction between two swimmers in close proximity. Authors concluded that the
instantaneous position and orientation of swimmers with respect to each other is important
to solve the Stokebased representation of thepltem (Alexander and Yeomans, 2010).

Blake (1974) discussed that the ratio between resistive force coefficients are
subjected to the pximity to the solid boundannsi mi | ar t o Bl akedbds argu
force coefficients articulated by Brennen aWdnet (1977) calculate the local fluid
resi stance on the swi mmeroés tail based on v

boundaries.
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Keller and Rubinow (1976) presented a total six degifeieeedom analytical model
of the swimmer and pointed outat the local fluid resistance on a moving and deforming
object of arbitrary shape is effected by the entire induced flow field.

De la Torre and Bloomfield (1977) modeled the helical flagellum of a micro
swimmer with spherical body and studied the locéa$ of bodytail interactions on the
rotating tail by hydrodynamimteraction tensorsThe helical tail is assumed to be
composed of a series of spherical particles of the same radius that of th&uthadrs
concluded that the local hydrodynamic fa@cting on the tail differ dramatically near the
joint between body and tail due to the interaction of the two.

Higdon and Muldowney (1995) studied the effect of proximity to channel walls on
fluid resistance exerted on moving micrsized sphericalparticles by means of
computational fluid dynamicCFD) simulations and lubrication solutionsAuthors
validated the numerical results with analytical solutions of lubrication analysis for a
spherical body moving towards and parallel to a solid boundasgparate occasions. The
analytical formulae show that the lubrication effect in rigwhy translations, which are
parallel to the boundary, increases with the logarithm of the reciprocal of the proximity
(Higdon and Muldowney, 1995).

Takano and Goto (ZXB) introduced a similar resistance coefficient matiix
(Spagnolie and Lauga, 2018Jong with internal structural stresses to get fluid forces and
studied the effect of helical wave deformation on swimming behavior combined with the
forces due to struatal deformation of the tail.

Lauga et al (2006) used modified resistive force coefficients, similar to but
simplified versions of the ones given by Brennen and Winet (1977), and modified the
model presented by Keller and Rubinow (1976) to include therantions between
swi mmer6s body and nearby solid boundari es,
swimmers near solid walls with appropriate approximations from the analytical solution of
the hydrodynamic model.

Watari and Larson (2010) discussedttthe instantaneous flow field induced around
a natural swimmer is time dependent and the time average of the flow field is smaller than
instantaneous magnitudes, thus capable of perturbing nearby suspended particles. Authors
al so added t hbadyisaldo eflusneed byrthese dosv fields.
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Above conclusions of Kelleand Rubinow (1976), De la Torre and Bloomfield
(1977) and Watari and Larson (2010) point out that the stationary fluid assumption is not
accurate and the body of a micrmwimmer is under the influence of additional
hydrodynamic effecten top ofthe fluid resistancacting due to theigid-body motions.

Felderhof (2010) studied the swimming velocity of a body with wanapagating
surfaces in narrow channels based on tbe-field solutions forthe Stokes flow based
boundaryvalue problem of a moving body inside channels given by Happel and Brenner
(1965). Author usedasymptotical time-averaged solutions ofharmonic functions
representing th8ow field induced insidenfinite length cylindrical channels. However, the
entire swimmer body is modeled as rotating helix and no extra payload attached.

Van der Sman (2010; 2012) studied the interaction between spheres moving along the
symmetry axis of a micro channel of cross mert with known geometries. Author
demonstrated that it is viable to decompose the net fluid drag exerted on spheres into pure
shear force and pure pressure fagi¢an der Sman, 201@012)

Shumet al. (2010) studied the force and torque efficiency of micro swimmers near
solid boundaries with parameterized body and tail geometries via bousldangnt
method. Author concluded that there exists an optimum geometry for efficient use of
hydrodynamic powewhile swimming near solid boundaries which leads to similar velocity
results to unbounded swimming conditig®&humet al, 2010)

In 2011,Cipparroneet al reported that, although it is not anticipated in microflows,
the Magnus effecti.e. induced pressure difference due to Higodly rotation (Munsoret
al., 2002),is an important phenomenon for rotating particles without the influence of an
external flow field. Authors observed the lift on the rotating particles while manipulated by
optical tweezers (Cipparrort al, 2011).

Spagnolie and Lauga (2012) pointed out that the gravitational pull results in rigid
body rotations or translations on natural swimmers given the fact that some are not
neutrallybuoyant Furthermoreit is knownthat some bacteria species control bneyancy
in order toswim against graNy in order to reach a certagroup ofmoleculesor light (Li
and Cannon, 1998
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1.2.3.Numerical Models of Micro Swimmers

This section deals with comparative studiesmatural swimmers and the models
implemented to predict their rigidody swimming behaviors, either isolated irboonded

media or in interactiowith another boundary in the vicinity.

1.2.3.1.Analytical modelscompared with observations

In 1996, Jordanintroduced a coupled interrakternal dynamics to the waving
flagella structure and studied structural deformation and propulsion behavior affecting each
other simultaneously. His model showed that swimming action can be modeled as a result
of structuraldeformations and he concluded that with correct structural modeling the
swimming behavior of natural swimmers can be predicted (Jordan, 1996).

In 1998, Wiggins and Goldstein coupled the fluid flow originated stresses on the
deforming tail and the deflectioof the tail structure using fluid stress coefficients and
beam | oading equations resulting in fAel ast
they provided numericakolutions to these problemsElastohydrodynamic problems
assume that one end of thd &ructure is inducing either oscillating or impulsive whip like
motion and unless the rest of the tail is flexible the initial motion created at one emd cann
result in net propulsion (Wiggins and Goldstein, 1998)

In 2003, Lagomarsinet d. studiedthe effect of internal stress of the tail structure via
a dimensionless number called Sp, i.e. ratio of fluid stresses on surface to internal structural
stresses known as Sperm Number, superposing the fluid and structure problem and found
that optimum proplsion effect corresponds to a boundedugaof Sp via numerical
methods They have found that for Sp = 0 the m
beats, velocity of propulsion converges to an asymptotic value after a certain value of Sp
and for lage amplitude beats there existr@ximum propulsion velocity (Lagomarsird
al., 2003)
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In 2009, Hsu and Dillon carried out 3D numerical investigations on a helical tail
attached to a cylindrical body and presented the numerical algorithm and resubicityyve
force, torque with detailed analysis of flow field around the proposed swimmer geometry
with a very high quality mesh and unusually small time ,step on the order of-7).
Authorsused a Stokeslet function for the velocity on swienrsurface ash modified Stokes
flow equation with local forces written in triadic coordinatesled on the right hand side
Trajectory of the swimmer is found to be helical, swimming velocity is verified with
observations althougthe computed torques found to be higer than exected based on
observations (Hsu and Dillon, 2009)

In 2009, Chattopadhyay and Wu studied the effect of flow field in long distances and
concluded that both ristive force theory and slendbody-theory cannot capture the total
hydrodynamic df e c t s ofield torintle swWirhraer presenting the differences between
observational swimming forces obtained by optical tweezéwghors calculated the
hydrodynamicforcesacting on the swimmer by slendeody-theory and resistivéorce
theory and cocluded that the former provides more accurate redalishermore, authors
observed that body and tail of bacteria species rotate on opposite dir¢Cinattopadhyay
and Wu, 2009as a result of conservation of angular momentum

Spagnolie and Lauga (20) introduced an elastbydrodynamio EHD) model of the
force balancdetween the internal stress distribution of sleéd tail and the resistive force
of the surrounding viscous domaifuthors discussed the effect of body tail interactions;
however, did not include this effect in their study. They carried out an overall energy
efficiency study based on wave shape and concluded that the total efficiency drops rapidly

for small wave numbe and large wave amplitudes.

1.2.3.2.Computational modelsbased FEM, BEM, IB and MD approaches

PhanThien et al. (1987), using boundarglementmethod (BEM studied the effects
of the geometry of helical tail and the geometry of a spheroid body on the forward velocity
and hydrodynamic efficiency of the micro swimmers. Authors discussed that the interaction

between rotating helical tail and the body of thensmier decreases forward swimming
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velocity and overall hydrodynamic efficiency of the swimmer. Raetial (1993) used
boundaryelementmethod (BEM) to obtain the motion of spheres with single rotating
helical tails swimming in unbounded fluids, near pldroeindaries, and between parallel
plane boundaries separately. Authors studied the effect of hydrodynamic interaction on the
overall propulsive and resistive behavior of the helical tail separately in detail. In both
papers (Phaithien et al, 1987; Ramiaet al., 1993), the main focus was on the forces
acting on the helical tail and rigiobdy swimming velocities with hydrodynamic efficiency
values; results imply that the overall forward resistance of the swimmer increases with
hydrodynamic interactiondvioreover,the reader may find useful information on BEM
approach in (Costabel, 1986).

Fauci and McDonald, in 1995, published their numerical studies on micro swimmers,
especially confined into channels, employing planar wave propagation to get thrust.
Authors discussed the effect of walls by demonstrating the results changing the channel
wall properties from rigid to elastic and no walls. They concluded that propulsion velocity
of confined swimmers is much smaller than of free ones due to hydrodynamic interact
between boundaries (Fauci and McDonald, 19%3uci, later onpuilt a finite element
framework to conduct numerical experiments on single and multiple planar wave
propagating swimmers equipped with different tail morphologies moving inside anednfi
liquid medium governed by full Naviestokes equations (Fauci, 1996).

In 1997, Nasseri and Phdiien proposedwistedrigid-strip geometry for the tail
and studied the optimal twist number, i.e. total number of waves and resulting surface angle,
alongwith optimal body dimensions for such a swimmer. They concluded that for such a
tail structure there exist an optimal twist number, i.e. 1.5, to get maximum propulsion
velocity (Nasseri and Pharhien, 1997).

Gotoet al.(2001) employed the boundary elamhenethod for the solution of Stokes
equations, calculated the velocity vector of a natural micro swimmer, compared their results
with observations of actual swimmengiprio Alginolyticus and concluded that the BEM
solutions agree reasonably well withsepvations. However, authors could not observe tail
and body rotations together accurately, thus used rotation rates \dibtie Alginolyticus

specimens to predict the rotation rates of their tails (6b#h, 2001).
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In 2007, Rapaport employed moleauldynamics(MD) method, i.e. modeling the
interactions in between fluid molecules and between solid boundaries and fluid molecules
via elastic collusions, in 2D to simulate the swimming behavior of different tall
combinations and presented the power ardoity results. It has been pointed out that to
simplify the solution the swimmer is forced to move on a straight line which also eliminates
the Brownian effect, i.e. thermal noise (Rapaport, 2007).

Tabak and Yesilyurt (20@7 2010a; 2010h used CFDmodels based on finite
elementmethod (FEM) representation of the resultant fluid motion with deforming mesh,
and calculated the three deg@efreedom, i.e. forward, lateral and angular velocities of
swimmers propelled by travellinglanewave deformation confed to a symmetry plane
(Tabak and Yesilyur2007a) and two degreef-freedom moatility, i.e. forward velocity and
body rotation rate of swimmers propelled by helical motion of their flagella (Tabak and
Yesilyurt, 2010a; 2010h. In latter study a resistividrcetheory based model is
implemented to predict CFoomputed forward velocity and corresponding fhdigg.

Qin et al (2012) studied the wall effects on a swimmer based on spermatozoa
undergoing translations on a planaile fully submerged in a high viscous fluid. Authors
used immersg boundary (IB method incorporating Navie8tokes equationsand
deforming mesh (also see Peskin (2002) t h Newt onds second | aw
rigid-body accelerationsn 2D, and corputed the effective hydrodynamic interaction
between swimmer and parallel rigid plane walls based on the ratio of their half distance to
wave length (Qiret al, 2012).

A similar study is carried out by Maniyegt al (2012) on the flow field induced by
rotating helical tails in channels. Authors did not include a body to the analysis; however,
presented the resultant flow field and swimming velocity in 3D with respect to the
proximity to channel center and walldowever, authors did not report a backflowduced
by the rotation of the helical taiManiyeriet al, 2012).
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1.2.4.Experiments with Artificial Swimmers

Experimental studiesf micro swimmers or prototypes resembling them are mainly
focused on mimickinglanar and helical wave propagation. Some swimmers are known to
be able to use both methods based on environmental condjidosley and Vernon,
2001) however, experimental work are focused on a specific method at a time due to
inflexible designs used tonitate them. In some cases, experimental studies are limited
with size related issues. For example, the technology to mimic a bacterial motor i nano
scales is not implemented up to datereturn, any bienspired robot with body and tail
rotating in g@posite directions are much bigger than the species it is mimielsipgesented

by Tabak and Yesilyu2012a; 2012bin macrascale experiments

1.2.4.1.Micro -scaleexperiments

In 2005, Dreyfuset al. presented the very first artificial micro swimmer, which was
employing travelling plane wave propagation, in the literature. The tail attached to a red
blood cell was composed of magnetic materials attached to each other by genetic proteins
and actuatedyba combination of external dynamic magnetic fields and the resultant planar
wave propagation behavior was recorded by a camera. Planar wave propagation was carried
out successfully and although the deformation was not exactly sinusoidal, they were able to
present propulsion speed with respect to Sperm number and Magnetoelastic number, i.e.
ratio of magnetic forces to internal structural forces known as Mn number, and stresses out
that there is an optimum Sp number for different Mn numbers where swimmlotyes
at its peak. The manufacturing technique used in this study is also a novel method since it
employs organic material (Dreyfuet al, 2005).Gauge and Stark (2006jnodeled the
swimmer manufactured by Dreydet al (2005) and carried out an efiency study based
on Sp number and the cell size concluding that there exists an optimum geometry with Sp

around 8.
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In 2007, Hill et al. studied the combined effect of swimming near a solid boundary
and against upstream and tested the conditions by mxearpstream velocity on Eoli.
Authors have concluded that if the upstream velocity is faster than bacterial swimming
speed and if the natural swimmer is moving near a solid boundary the resultantisgy
behavior is unstable (Hiét al, 2007)

Ghoshand Fischer (2009) demonstrated the use of glancing angle deposition on
silicon wafer in an electron beam evaporator to obtain about a micron long helical screw
like structures with diameters @& few hundreds of nanometeidelical structures are
removedfrom the wafer, laid onto a surface and deposited by magnetic cobalt on one side.
Authors manufactured chiral colloidal propellers having-300 nm width and 2 um
length made of silicon dioxide and a thin layer of ferromagnetic material (cobalt) dzposit
on one side. By means of a-&rxial Helmholtz coll, a rotating magnetic field is generated
and modified by an open loop control scheme to navigate the micro robot on a preselected
trajectory (Ghosh and Fischer, 2009).

In 2009, Zhanget al. presented manufacturing of a series of artificial flagella with
helical shape with a few tenof micro meters in lengthil here are different metal and
polymer layers used in the tail structure and the helical shape is obtained by the inner stress
exertedby the manufacturing process. The details of manufegfyorocess can be found in
(Zhanget al, 2009 Zhanget al,, 2010. There is a magnetic payload attadho one of end
with di mensions of 4.5 em x 4.5 egmeto200 nr
control the rotationThe structural integrity and swimming behavior of the helical tail is
verified by SEM visualization (Zhangt al, 2009 Zhanget al 2010.

An unusual propulsion method, a catalytic propulsion system for micro swimmers, is
presented by Mallouk and Sen, 200irkovic et al, 2010;Balasubramaniaet al., 201).

The design is based on electron and proton flux driven by gold and platinum deposited
surfaces.Gold deposited surface reacts with the hydregeroxide in thevicinity and
produces water introducing electrons into the molecule. Platinum side simultaneously
decomposes hydroggreroxide molecules into water, protons and electrdhs. flow of
electrons and protons on the surface of gaédinum assembly induces drag ¢ twater.
Thus net propulsive force and forward motion is obtained given that that the overall shape

of the deposited surface is a prolate spheroid.
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1.2.4.2 Macro-scaleexperiments

Honda et al. (1996) used external actuation by rotating magnetic field to obtain
propagation of a cAong spiral swimming robot in a silicemoil filled 15-mm diameter
channel. Authors demonstrated that the motion of the robot is in a linear relationship with
excitaton fr equency and results agreed -boé | wi t
theory results.

In 2004, Behkam and Sitti carried out an experimental with a flagellum of
approximately 2 cm in length carrying out helical wave propagation and presestets r
as a comparison between the propulsive force measured by strain gauge and propulsive
force computed using the theory. Authors presented that the theoretical computations and
their experimental measurements for propulsive force, although matchawniderdo not
verify each other numerically (Behkam and Sitti, 2004).

In 2006, Yuet al. carried out an experiment employing a simple Scdtoke
mechanism to transform rotation into planar wave propagation in cm scale submerged in a
fluid tank. The thrust force was measured by a strain gauge and the waving patterns were
recorded by camera. eRults were presented as a function of Sp number with an
asymptotical propulsion velocity value and confirmed by earlier theoretical studies of
Wiggins and Goldstein (1998).

In 2007, Kosaet al. proposed a swimmer with two parallel tails composed of
piezodectric laminates carrying out planar wave propagation in phase. They formulized an
analytical c-onachanieafl | Gedecdr modkEel and verifie
results with experimental measurements obtained from a tail made optereeeramics
of different lengths driven in phase. The propulsive force is calculated from the force
balance on the power lead cable hang from top. Although the model proposed in this study
grasps electrical, mechanical and fluidic aspects (except Browniact)efogether, it is
designed to obtain swimmer behavior as a function of frequency rather than simulation time
(Kosaet al., 2007).
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Kim et al (2004) and Cheet al. (2010) implemented ehoard powered swimming
robots in cmscales.In the former study, whorsmanufactured an loniPolymerMetal-
Composite (IPMC) tailIPMC systems can undergo structuddformations resembling
planar wave propagatiaimderappropriate stimulations @fectric potentiad The batteries
were placed in the body of the urthered tadpoldéype swimmer, andt is demonstrated
that under applied voltagehe tail deforms inducing net forward thrust (Kehal., 2004).

In the latter studyChenet al (2010) experimented on a bacteiike robot with four
helical tails, which are placed symmetrically with respect to the long axis of the robot.
Authors studiedthe 6 degre®f-freedom motion of the robot in a viscous resenand
argued that the robot can be meavered via controlling the rotation of helical tails
se@rately (Chenet al, 2010)

In 2008, Wang et al. introduced an experimental study on a tail in cm scale that
mimics fish fin actuated by stack of shape memory alloy while introducing St nunaoer, i.
AStrouhal n u rdimemsional drsquencl ef flonv,oand stated that the optimal
swimming takes place where St number is between 0.25 and 0.35.

Gargtecki et al (2009) manufactured a estale artificial swimmer which is driven
by externalmagnetic fields. Theail is actually an elastic rstcture, i.e. PDMS,and the
body is madeof a magnet Rotations of bodywhich are induced by external magnetic
fields, inducedeformations on the elastic tail. The design is similar to the red blood cell
with magnetic tail (Dreyfuget al, 2005) however it is the body that is rotated in the plane
(Garcteckiet al.,, 2009).

Liu et al. (2011) studied the propulsive forces and swimming speeds of mere helical
tails in Newtonianand nonNewtonian fluidsseparately Authors used silican oil with
dynamicvi scosity of 10 QiePflaidssctinganethsti@roedien dedpiteu i d
having nearly constant viscosity (James, 2009), respectively. Autoorduded that the
relaxation time is the key elemt in nonNewtonian fluids for optimum swimming velocity;
thus for very low and high relaxation times the forward swimming velocity reduces and

becomes smaller than the forward velocity in Newtonian fluids.
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1.3.Outstanding Issues

There are severgroblems at hand to overcome about manufacturing limits, i.e. the
guestion of how small it can be, application limdge to biocompatibility issues.e.
whether it could really maneuver inside human body without interference with body itself
or not, actation mechanism, i.e. question of how to mimic the desired wave propagation,
Aflight ti med consideration, i . e. the amour
swi mmer may consume and finding the answer
control and maneuver the robotic device inside the living tisBhis. section, for sake of

completeness, is dedicated to list some techniques and methods addressing these issues.

1.3.1.Manufacturability

This section deals with micro manufacturing techngqueed in IC and MEMS, and
are briefly explained with examples to represent the achievable complexity of end products.
Furthermore, given the fact that theimmate goal of this study is tmodel a robotic device
to perform in living tissue, the issue ofobompatibility is highlighted with possible

solutions addressing important biological problems.

1.3.1.1.IC technology

A brief list of micro manufacturing techniques psesented in this section, followed
by a list of micro manufactured artificial swimmetdanufacturability limit is directly
related to the micrdabrication capabilities of current techniques. This subsection will
discuss the most successful mifra br i cati on techniques, i .e.

ASurface Mi cr oma c hplesframditeratwed. Dehails ®fdhese teehriques
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will not be discussed unless they have a key role in creating high dimensional ratio, i.e.
aspect ratio, 3D objects in micro realm. In addition to these techniques there will be a brief
discussion on packaty.

DRIE method, which exploits high energy ions directed to the surface, is utilized to
manufacture fideep trencheso and al most perf
material is developed under desired mask and certain light source, thetgeamthe
mask is printed simply by etching the surface. DRIE method allows digging out material
out of the bulk of the wafer according to the mask and form etched surfaces with almost no
inclination allowingproducing parallel surfaces (Hsu, 2002)

LIGA, i . e. short for ALithographie Galvano
used to create more complex structures in micro realm such as micro gears. This technique
utilizes X-rays for etching process and electroplating for either die production for moldin
or the main feature itself. Especially electroplating and molding phases allows alternative
materials to be used for micfabrication since electroplating allows a variety of metals and
molding exploits plastic materials to form the smallerdeas$ ofthe structure (Hsu, 2002;

Nguyen and Wereley, 2006)

Both ion etching and Xay etching is used to directly subtract material from the top.
Surface micromachining techniqgque is wused t
features via certain chemicdls create structess such as cantilever beams (Hsu, 2082)
similar micromachining techniqgque is known a
iI's subtracted from t he wtuawdyahglreprebigion (Ngugsear b e &
and Wereley, 2006)hich could replace the-¥ay etching used in LIGAossibly reducing
the cost (Hsu, 2002)

Capabilities of micro manufacturing techniques can be demonstrated via examples
from the literature. In year 2005, Sen al. published an experimental comb driveEMS
device for force sensor applications manufactured by DRIE. Dimension of each cantilever
of the comb drive was 500 em (|l engt h) Xx b
dimensions were verified by SEM pictures after all maotifring processes arergo(Sun
et al, 2005) In 2009, Huanget al. published their work on manufacturing millimeter sized
gears, i.e. 4 mm in diameter, using LIGA based manufacturing approacha wiplecial

molding technique (Huanet al, 2009) In 1997, DOppeet al. manufactured a gear micro
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pump based on two gear s, both about 590 &m
shafts hol ding them eprallmaaufactureal bynL&GA (Dodpet 5 0 0 € r
al., 1997) In 2008, Loecheét al. manufactured micro harmandrives withstep size of 4
emand capable of 95 mNm fArat c heotrignuge 0t ovri cau eLo
technology The electroplating and molding steps in this study are presented by visual
demonstrations and SEM picturfdsoechel et al, 2008) In the year 2001, Yangt al.
manufactur ed mi cro Arefractiem |aeqnasielsobywi L
technique Kubby, in 2001, manufactured hinged optical structures whose orientation can
be altered with respect to the operational needs viaekimgth largest dimension smaller
thanl 0 O . la 1998, Rodgerst al. manufactured a complete microtransmission system
actuated by Acomb dri veoemnidn wditahmegtearr s s ma

Packaging is also important as well as manufacturing. Sinceribgosed micro
swimmer robot is supposed to perform inside fluidic environment, to avoid any
contamination or mal functi on, Itsd payl oad,
power harvesting / generating unit must be completely sealed. Thisagoak achieved by
either high load or temperature application, i.e. bonding techniques, on certain contact
surfaces and this type of sealing is known as Hermetic sealingewhatter flow is
prohibited (Cheg et al, 2001; Kimet al., 2002; Oberhammaatal., 2004, Jiret al, 2003).

Examples on themanufacturability of tails in micro dimensions are presented in
works of Dreyfuset al. (2005) Ghosh and Fischer (2009) amthang et al. (2009).
Presentedtudiesuse novel techniques construction of the artificial swimmebreyfuset
al. used DNA chains to attach magnetic particles to each other and to a red blood cell. This
way the flexibility of tail is ensured and necessity oflmad actuation was eliminated
(Dreyfuset al,, 2005). Ghosh and Fischer (2009) adtianget al(2009) used the similar
actuation principle, i.e. applying external magnetic field but the tail structure was obtained
via micro manufacturing techniqudmsed onlayer growthwhich is known as epitaxy,
followed byDRIE as briefly described above afidally removal of sacrificial layers (Hsu,
2002)
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1.3.1.2.Materials and biocompatibility

Biocompatibility is an important concern given that the main target is preservation of
living tissue. Issue dbiocompatibility arises due to the fact that any foreign material may
lead to different allergic reactions or poisoning effect in different individuals. Assuming
that the micro medical robot is supposed to perform into blood stream where these
processes cabe in effect the fastest, this subsection will discuss the possible pitfalls and
related solutions to the issue in detail.

Blood stream directly contributes to the immune system via series of living cells
generally called white blood cells. There exetgariety of white blood cells responsible of
di fferent usef ul and someti mes hazardous ac
part of the immune system (Mitchell, 2004). These cells, some of which are called Killer

cells, are responsible from kilg and neutralizing the hazardous cells if detected. There

also exists an Ai nnat eo part of t he I mmu n
encompasses special proteins called ficompl e
to hazardous intrudsr det ect ed inside the blood vessel

considered to be very basic and primeval, it is the first to be trigdered has a narrow
range of selectiveness against foreign substances (Mitchell, 2004). Complement proteins
have about 20 different types and they have the tendency to get attached to anything
external and they play a key role to inflammation (Remes arblayws, 1992; Johnson,
1994; Gorbet and Sefton, 2004akim, 1992.

It is common practice for the immune system, in order to protect the body, to attack
suspicious molecules and cells which could result in allergic reactions. The immune system
is directly responsible dr this undesirable conditiof.here are some synthetic causes of
all ergic reacti onsl ss,ucnhe taasl i poonldgnseeitatersemettear!i as
and Jacobsen, 2004nd some specific metals are known to cause allergic reactions.
Al l ergies are known as the Aover reaction t

some cases. Although allergenic substances may differ for each individual it is a common
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practice to avoid being in contact with them since the stimuli for atleractions are not
common(HenserPetersen and Jacobsen, 2004).

Furthermore, when and if the certain proteins, i.e. collagens, responsible from
Acoagul ati ondo procedur e, |l ead to a mass cc
foreign surface, it is prolte that an undesired chain reaction would o¢elanson, 2004)

Once the proteins within the blood stream are accumulated on the foreign surface, platelet
cells simply tend to follow thisewly formed sheet of protein€oagulation happens after
several omplex chemical reactions, releasing different-themicals and so ofiHanson,

2004) The most important phase in this process is the very first one where certain proteins
accumulate on the surface; the rest is the natural way of cells and proteink tavtvicin

should not be interrupted for the sake of overall body safety.

To address to the problems at hand, i.e. allergy and coagulation as discussed, polymer
surfaces were chemically altered such that they mimic the endothelial cell suefacdi&e
the inner surfaces of blood vessaissulting in less reaction with blood eleme(Bsuck,

1977) These cells are located in the inner surfaces of blood vessels. This way, it is intended
to avoid coagulation.

A similar surface imitation procedure is theprei cat i on of t he i
i ngredi ent o of {(Dureaniét aly1986)yintentiemidbto sinmpky kide the
surface with an fHéurpnietalel®8)d natural | ooko

Another similar solution is to use hydppel s whi ch-dinhkade Yicaoss
between long polymer chairfRPeppas, 2000)There are several areas hydms are used
and they can be engineered in a way that they can imitate the elasticity of living tissue.

Instead of coating, embedding approach can be usdginBrs sub as Polyethylene
glycol, Polyvinyl chloride and Polyeaprolactone can be utilized via process called
Ai mmo bi |Thig praces® makes surfaces more invisible to blood cells and blood
proteins in which these i@ chemical chains are embedd@derril and Salzman, 1983;

Rusuet al, 2006)resulting lessen coagulatigheramura, 2008)

There are also special c h e ifBaleagninis 205N o wn a
They are used to engineer biocompatible surfaces while preserving the physical properties
of the material beneath the surface. For example, one very important organic bio

compatible material, which can be used to repel cells is a polymer called hégasn.
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polymer is responsible from preventing coagulation when used as coating n{atemaet
al., 1983)

1.3.2.Actuation Methods

In this sibsection actuation methodsrafcro robos with wave propagations or their
macro scale prototype are listed in detail. Some of the metasdseady presented within
the literature review on experimentgan be employed in both micro and macro
experimentsit must be also noted that, carrying out wave propagations on arigldstic
tail is also a method of pumping in viscous fluids provided that the-bigdy translation or
rotations of the micro swimmer itself are eliminated by an anchoring force (Raz and Avron,
2007). Also, therealso exist different actuation methodsch asobtaining forward thrust

based on chemical reactionsao€atalytic engineBalasubramaniaet al, 201J.

1.3.2.1.Invoking structural deformations ontail

One actuation method is based on exploiting the piezoelectric effect to induce
travelling plane waves. Thpiezo effect and piezstructure interaction is discues$ in
detail by Piefort (2001)Briefly, the asymmetry in crystal structure of fhiezo cerarnts
result in deformation under applieelectric field and vice versarhis effect can be
harvested in different mechanical deformations if appropriate electric fields are applied and
formulized by a certain constant, i.e. piezoelectric constant, inar lmanner with applied
electric field (Piefort, 2001) There are several studies on exploitation of piezoelectric
materials in MEMS devices but wave propagatiornp@zo laminates are studied in a few
of them(Chakrabortyet al, 2005) The deformation o$ingle pezo stack was studied for
active structure construction {ifoonet al, 2004; Limet al, 2005; Cappelleret al, 2002)
The propagated waves in these methods are different than sound waves where the speed is

completely material dependefitandau and Lifshitz, 20@. There also exist polymer
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materials, e.g. PVDF, with similar piezoelectric capabilities that are in uselior o mi met i c
applicatetah,20089 ( Li u

Surface deformations can also be induced based on the memory effeetotalh
bonds within the material. In the year 2008, Wan@l, in two different studies, discussed
the experimental results of implementing a fin structure in cm scale empleiiaoe
memoryalloys (SMA) (Wanget al, 2008)which are metal alloys that & temperature
dependent elasticity due to their matrix organization and can be used to exert local stresses
on structures by applying appropriate electric voltg@dsuka and Ren, 1999; Waagal,
2008)and already in use for biomedical applicatightachadoi and Savi, 20033MAs are
also being tested and used in order to mimic the behavior of other types of small scaled
living creatures such as earthwor(#sm et al, 2006)

One other way to create structural deformation on a fin or tail like steicgursing
ilonic polymermetal composites known as IPMCs. If electric is voltage applied, these
composite materials work as material pumpsaguatic environments and letolecules
through their matrix structure. As molecules journey within they etersion due to
atomic interaction on the location they are passing resulting in structural deformation with
lower frequencies and higher amplitudes with respedh&d obtained bypiezo-ceramic
stacks (Newbury, 2003; Nassddemat and Li, 2000; Nassdlemd, 2002) IPMC based
tail design was employed by Areeraal. (2006 to study the theoretical control design of a
robot employing a series of IPMC stacks drivgnebectric fields in phasélhere is also an
i nterest i n fAartirfbasdioa IPMGnsirgcudes(dungicab, RG0B)r uct i c
based on local contraction effect of the structural deformation, which can be utilized to
mimic the sliding protein chains embedded in a flagellidach study requires a driving
circuitry exploiting amplifiers and enedium with enough humidity to enable themping
effect within the IPMC structure (Arenet al, 2006; Junget al., 2003; Tadokoraet al,
2000)
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1.3.2.2.Invoking tail rotations

Helical tail rotations are induced eithby rotating external magnetic fields on-
boardactuation. Swimmer robots may have either rigid or flexible tails. With rigid tails the
only control on the wave propagation is rotation rate vector. However, with a flexible tail
the shape of the resultamaves depend on actuation frequency and elasticity of the tall
material or sucture. (Wiggins and Goldstein, 1998; Belovs and Cébers, Rf)teret al,

2008 Tabak and Yesilyurt, 2012a; 2012b)

1.3.3.Energy Supply

As long as the proposed swimming micodot is supposed to perform autonomously,
i.e. without any cables attached to it to supply information or power, there must be a built in
means to either consume stored energy or harvest energy from environment. This

subsection deals with the solutiomr®posed to overcome this issue in literature.

1.3.3.1.Scavenging ancharvesting

A celebrated methodf energy supplyis electromagnetic wave harvesting. This
method is based on presence of stray waves in the environment which could be emitted
from any possible source as long as strong enough. In 2006, Bhateedostudied a
system to operate on specifically fA2.4 GHz
configuration and harvest powerinmieda t t s t o p osweenrs oft veior ewli e shs mi
1. 4 peoWwer output. A very similarisgstdmahbda st
frequency identificationo, via inductive ef

harvested energy relation (Jiaegal., 2007).
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A very similar scavenging technique is harvesting energy from mechanical vibrations
and one of the degig is based on transforming vibration into electrical energy via a micro
spring and a magnet with a lower aspect ratio, i.e. relatively sizeable, and presented with
numerical results obtained with the help of a commercial fieléenentmethod (FEM)
packag COMSOL (Luet al, 2007). Serret al. (2007) studied a similar method based on
different mechanical configuration with numerical results obtainedhey commercial
packageANSYS yielding power in nandVatt rangewith maximum of 50 nW(Serreet al,

2007. Theoretical study on energy harvest from rigmhly rotations was presented by
Yeatman (2006) with resultant formulae for the relation between the rotation and the power
generation. Furthermore, a different mechanical vibration scavenging method lased o
piezoelectric effect was presented by Jebal.(2005).

Another scavenging method proposed to power MEMS devices or obtaining power is
heat scavenging. This method is based on 0t
field emission electron gutechnology. Heat energy can be used to create photon emissions
from a silicon based source (Nielsetnal, 2003; Goldsteirt al, 2007) which may also be
used to harvest heat energy in body as primary or auxiliary means of energy.

Moreover, a swimmingnicro robot can utilize visible light to harvest energy, the
fiphot ov ol twihian outp pofver of 4 mW famit-centimeter square (Benjermo,
2005). However, this method is useless unless the artificial micro swimmer is operating in a
locationwhere light can be absorbed such as eyeball, otherwise photovoltaic effect cannot

be exploited without an artificial light source.

1.3.3.2.0n-board power supply options

One of the very interesting power source
of a nuclear battery is an old one and in 1973, Bratial. has studied theheory for such a
power supply The main idea was to collect the emissions from a nuclearceoi.e.
Atritiumo, of very smal/l guantities, e. g. [
watts and piceAmperes in the long rufBraumet al, 1973) In 2000, Andreewet al.
revisited the idea of triti ecahitluattisetihetheat t er |
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studied fiBetacell s0 were boosted up to 35 ¢
milli -Volts and naneAmperes(Andreev et al, 2000) Lal et al. published the work on
comparing three different isotopes, i.e-®8, H3 and Pe210, with a discussion on how
particles emitted from are below the limit of danger (&g&l, 2001).In 2002, a technical
report was published by Blanchaet al. and proposed a new design employing6Sias
nucl ear sourocseci dhadtandiseanhtil ever o which i
design as both fAcol | ect oBlanchadetdal, 20620 mthgy ¢ o n:
year 2004, an articldy Lal and Bancharddiscussed the future possibilities of nuclear
batteries and gave a comparison between conventionalhi batt er i es, Amet h:
and nucl ear batteries, especially btelmemdoones
mechanism. Authors reped energyh a r v e 3 W wahf0.1 inci (millicurie) of nickek
6 3(bal and Blanchard, 2004)

Rechargeable on board batteries are also proposed as an on board power source for
MEMS applications. Batest al. (1993) presented a discussion onHatteriesin micro
scale, which can be recharged in need and capable of an energy density of 2.J/Ix 10
Author discussed the manufacturing process of such a battghy IC fabrication
techniques and pointed out that the battery should be operated with lowtsuor@revent
drastic fall in the battery voltage (Batetsal., 1993).

A final note onthe on-board energy options is the possible utilization of living cells
as propulsion means micro robotic applicationsSuchan arrangement with a group of
bacteriatowing a payload may eliminate the necessity of energy transfer via artificial
methods. The only issue about energy supply in a bacteria based propulsion would be the

presence of nutritious molecules in the surrounding medium (Behkam and Sitti, 2007)

1.3.3.3.External power supply methods

External power supply options are based on either magnetic manipulation of
swimmers or using acoustic waves to generate electrical power. Magnetic manipulation
depends omlignmentbetween the magnetic particles and external magnetic field; changing

the orientation of magnetic vector on a particular location inducesfalignment which
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resulsin reaction force and torques to move magnetic body accordingly. Magnetic field is
appied either Helmholtz coil arrangement or MRI systéedudoinet al., 2006 Garstecki
et al, 2009;Abbottet al, 2009.

An interesting approach to exploitation of sound waves was presented by the study of
Saitoet al.in 2002. Although the method was intended to capture and manipulate living
cells by standing waves rather than propagating waves within the fluid, it has been reported
that the stresses within the fluid helped altering their positions (8aitd, 2002)even
though the cells were already motile. Similar sound waves can be utilized to supply power

to MEMS devices and mobile micro robots with proper use of piezoelectric sensors.

1.3.4.Sensingand Visualization

Determining the position and orientation of a micro swimmer is a task requiring extra
computational power; however, is key element to achieve tasks in -éinneatontrol
scheme. A visual feeack system requires higénd computational power due to intens
matrix manipulation algorithmgKragic, 2002) The environment, i.e. boundaries and
obstacles, can be sensed and modeled by MRI based electromagnetic systems. In 2003,
Siauveet al. studied modeling the visualization of human body with electromagnetiesva
Authors studied numerical models simulating visualization of the interior of human body
with electromagnetic fields. They discussed that the effect of electromagnetic fields inside
living tissue is dependent on the geometry and blood flow. The heatag®mn and varying
material properties leads to a complicated problemisfalizing the targeted region given
the fact than the interior of a human body diffeysthe subjecand, furthermore, each type
of tissue in human body has different electrical properkagthermore, the targeted tissue
may not be necessarily rigid regardless of the body motion of the patient (Meireau
2012) which also introduces complicatianshigh resolution visualization.

In case of resolution problems of an MRI system, obstacles and openings must be
physically detected with the help of auxiliary systems for a safe and sound decision making.
Sensor/ actuator syst e msuchnas piezdelectric tramsdusevsicanme r 0

be employed to emit and collect sound waves to detect any phase change embedded inside
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the reflected wave@lainet al, 2002; Xiaominget al, 2007)while submerged in the fluid
as proposed by Edat al.in 2003

1.3.5.Control of Micro Swimmers

Control studies on microobotic motility include different approache$he very
definition of micro robot changes in ea@xperimentaktudydepending on actuation method
and selected method of contrélence, although theotion of motion control is the same,
the control approach or method may differ significantly. The following is a small list of

control approaches with different micro robot designs.

1.3.5.1.Position control studies

Shechter and Martel (2010) carried experiments controlling position and velocity
of bacteria with oxygen gradient in the fluidic medium. Behkam and Sitti (2G0§cussed
the possibility of employing bacteria to move a rather large payload by controlling external
stimuli. In boh studies (Shechter and Mart2Q10; Behkam and Sitti, 2006the objective
is to control the position of bacteria by environmental stimuli such as the spatial gradient of
oxygen, light or nutritioushemicals. If the position dbacteria can be controtleat will
than a large payload attached to a group of microorganisms can be towed (Behkam and Sitti,
2006).

Sakaretal.( 201 1) studi ed the dir-scal¢paylvadsmet i c
liquid medium by dragging the microrobot to a desired referposéion via modifying an
external magnetic field. Here, the robot consists of a small magnetic body and the goal is to
control its position and orientation by dragging it with the help of external magnetic fields
(Sakaret al, 2011).

Ghosh and Fische2Q09) presented open loop position control study results-2n 1
em | ong magnetic heli cal SWi mmer s. Aut hor

actuating the robot in ordéo follow preselected trajectories in plane.
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1.3.5.2.Velocity control studies

Chenetal. (2010) studied the maneuverability of a-spale bieinspired robot with
four independent D@notors actuating four rigid helical tails. The body of the swimmer
holds DGmotors and battery to feed them. Authors argued that by controlling the rotation of
each tail separately, it is possible to control 6 degfdeeedom motion and maneuver the
robot at will (Chen et al2010).

Mahoneyet al. (2011) experimented on visually assisted velocity control scheme on a
magnetically driven helical micro robot thicompensation for gravitational attraction. The
helical robot used in this study consists of a magnetic body with a rigid helicglu@don
one side, and its total length is approximately 6 mm. Authors observed that the gravitational
pull disturbs tle alignment between magnetic head of a helical swimmer and the external
magnetic field. To be able to overcome this problem they modified the external magnetic

field with reattime visual inspection and gravity compensation.

1.4.Contribution of the Thesis

Three major tools are used in order to analyze and characterize the swimming robots
in viscous fluids. Experiments provided the parameterized data sets to validate the
hydrodynamic model and CFmodel. Furthermore, CFBEmodel is used to study the flow
fields induced by the swimming robot, and particularlystiody and understarttie body
tail interactions. Hydrodynamic model is further improved based on the flow field and fluid
resistance analysis based on CFD simulations, and utilized in design andi stoliess.

The contributions of the wthannel experiments with swimming untethered robotic

prototype are:
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i The effect o f proximity t o cylindrical
propulsion velocity is studied in vertical and horizontal orientatiorth waspect to
gravitational pull.

i The effect of channel diameter on-channel propulsion velocity of swimmers is
inspected in horizontal channels.

1 The effect of wave geometry on-aihannel propulsion velocity is inspected with

parameterized wave amplitudeave length and tail length.

The contributions of the CFD simulations with bispired swimmers are:

CFD-model is validated with vertical swimming experiments.
The effect of channel diameter on propulsion velocity of concentric swimmers is
inspectedvith parameterized channel geometry.

i The hydrodynamic interaction between body and tail, which are rotating in opposite
directions, of a bacteribke swimmer is qualitatively and quantitatively explained

with the help of varying body and tail geometry.

The contributions of the reducedder hydrodynamic model are:

1  The hydrodynamic model based on resisfimee-theory is verified with the help of
experiments and CHModel results carried out with parameterized wave geometries

1 Hydrodynamic interactions bgeen body and tail are utlized to implement a
modified resistance matrix in order to achieve accurate predictions of hydrodynamic
forces acting on the swimmer in tirgkependent fashion.

i The uses of the proposed model as a surragaigel in order to seah for efficient

swimmer geometries, and as a tool for mdakeded position control are presented.
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2. EXPERIMENTAL PROCEDURE

In this section the experimental setup and details of the robotic prototype are
discussed in detail. The roboficototype is used in vertical and horizontal experiments in
order to study the channel effects on the forward velocity (Tabak and Yigsid@i?a;
2012b)

2.1.Design of the Swimmer

The bicinspiredswimmer robot is comprised of two links, which are teypand the
tail and joined with a revolute joinfThe design presented here is a successor to the
prototypedevelopecearlier by Erman and Yesilyurt (20114ddition of mechanical coupler
to the design led tatandardized body geometrifurthermore, theswimmer is equipped
with aremote control unit and helical taigse manufactured out of copper wirevhich in

turn made the overall robot heavier

2.1.1.Body (Payload) Design and Manufacturing

Overall size of the robot is subject to the available electrical components, battery pack
and coreless brushed B@otor with enough torque to rotate the helical tail under high
viscous loadBody and tail are connected with a mechanical coupling, wisichachined

out of an aluminum alloy and has two grooves in order to transmit the mechanical power
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from DC-motor to the tail. Coreless brushed Dtor is housed in the plastic seal astern
the body as depicted in H¢2.1b and2.2b. Power leads of the motare secured within the
0.75 mm thick cylindrical silicalass coverof different lengths (see Fig.l1a), each of
which has ahemispherical surface to the fore, while its rotor is fitted tightly into the
mechanical coupling forming the revolute joint adidgated in Fig2.2b. DC-motor is driven

by an IC board, which is salvaged from a remote controlled toy helicdptiser circuitry
and the D@motor, which are discussed in detail, are powered by a batteryaekody of

the roboic prototypeis preseted in Fig.2.1b.

Figure2. Pr ot ot y pe r o booy Silica glass casmgewitld different lengt
(a); assembled bodwithout mechanical coupléb).

2.1.2.Tail Design and Manufacturing

Right-handed helixsshaped rigid tail is manufactured by winding anin-diameter
copper wire into a coil around a smooth cylinder of a certain diameter for uniform
amplitude, followed bystretching evenly in order to form identical waves throughout.
Actual length of the wire varies with the wave geometry but length of the helix is fixed at
60 mm. One end of the rigid tail is deformed with a steep hyperbolic tangent profile and
inserted mto the mechanical coupling and clamped by two setscrews. In total, sixteen

helical tails with different wave geometries are manufact(sed Appendix 6 for details)
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2.2.Experimental Setup

Untethered bienspiredrobot is placed inside constagrosssection glass tubes with
open enddor horizontal experimentgas depicted irFig. 2.2 and with closed ends for
vertical xperiments as depicted in Fig.2 It is also noted that the long axis of the tails and
symmety axis of the channels are parallel to #iaxis of the lab frame. Furthermore, glass
tubes of 350 mm in length with different inner diameters are sitting statiahtrg bottom
of the silicone oil tank while fully submergédee Fig2.2c). As for thevertical swimming,
l.e. vertical channel, experimentse channel inlets are sealedth the swimmer robot
alreadyinsidewhile the entire volume inside is occupied with silicone $Wwimming robot
translates aacentrically (see Fig 2&8b) and he dhannéis held parallel to the gravitational
pull with a clamp(see Fig2.3b) for the duration of vertical swimming experiments

Physical properties of the Sahdceneg 8ib &
a pycnometer is used in density measuremadrdreas the dynamic viscosity of the-bdth
i's obtained by silicone oils (Cole Parmer)
a ratio of 1:3.6.t is noted that given values are independent of the temperature of the
environmentPhysical ad geometric properties of the kiaspiredrobot the channelsused

in experiment&nd experimental desigme presented in Tahkel
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Figure2.2 Swimmerrobotdesign: Bicinspiredrobot assemblya); robot inside the
horizontalchannel presented with geometric paramdtgx,srobot inside channel (c)

62



Glass tube with
closed-ends CO rk

p

CCD-Camera

Clamp

Figure2.3: Experimental setup forertical channel experiments: Experimental desig
(a); mbot inside the channéb).
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Table 2.1: Bieinspiredrobot andexperimental setup

Den Channel Diameter 35 mm (Wide); 30 mm (Narrow)

Leh Channel Length 350 mm

Dbody | Body Diameter 20 mm (diameter of the plastic sealing)

Dok | Cork Diameter 20 mm (only vertical experiments))

Leork | Cork Length 10 mm (only vertical experiments)

Lbogdy | Body Length 35 mm(Horizontal inrchannel swimming
experiments); 50 mm (Verticaldichannel swimming
experiments)

D¢ Coupling Diameter 6 mm

Lc Coupling Length 10 mm

L tail Helix Length 60 mm(only for horizontal inchannel swimming
experiments); variable (for vertical-thannel
swimming experiments (see Appendix 6))

Duail Copper Wire Diameter | 1 mm

Bo Wave Amplitude Parameterized

A Wave Length Parameterized

- Body-Coupling Mass 10.7 g(Horizontal experiments); 11.9 g (Vertical
experiments)

- DC-motor Diameter 6 mm

- DC-motor Length 11 mm

Rotor Diameter 0.8 mm

- Li-Po Battery Volume | 5.5 mm x14mm x17mm

} Si-Oil Density 985 kg/nt

g Si-Oil Viscosity 35PaAs

- CCD-Camera 640-by-480 Pixels @ 30 fps

- CCD-CameraDistance | 150 mm(Horizontal experiments); 200 mm (Vertica
experiments)

2.3.Actuation System andControl

The tail is rotated with a dedicated coreless brusheéror, which by a 400 kHz
PWM voltage controller circuit including an iReceiver. Controller and D@otor are
rechar ge a bliteum-Balymer (M-Poy lack.mA A h
l ed by
t hrott | ecuremt.dhe wavd length df #he IR diodeseasr o

powered by asinglec e | |

.Helical wave propagationisemf f contr ol external
being full

measured to be 930 nm with the help of a light spectrometer. Components éstedré

an

mo
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also presented in Fi@.4. Electromechanical and electrochemical properties of the motor
and battery pack are measured and presented in Rabl@lso see Appendix 3). The

equivalent electromechanical circuit betsystem is presented in Fi5.

—

]

¢ U
Figure2.4:Componentsofthact uati on system e mbGCorldss

brushed D@motor and itsvindings (a,b); PWM controller circuit with Hdiode (c); L
Po battery pack (d).

Table2.2: Actuationsystemproperties

R(t) | Equivalent Resistance | 10.4 +30 exp{54.6 If)) +exp(It)) 1 1.5551¢) q
V(t) | Battery Voltage 3.710.81¢) V
L Motor Inductance 0.082 H i
Km | Torque Constant 0.00045 NAmM/ A
Kb Back-EMF Constant 0.004VAs/ r ad
Bet | Effective Friction (var i abl e) NAmMmAs/rad
B | Rotor Friction 7xX10°'NA mA s lwrcaHr @
¥m | Motor Rotation Rate (=uy - V) Hz
- Li-PoBatteryPack 70 mAAh with 3.7 V
Rating
- PWM Frequency 400 kHz
- IR Wave Length 930 nm
L R(?)
. N AN
IR-Switch
2 Coreless Tail
—- W
Li-Po Vo) Brushed Q o -
t
DC-Motor
Battery BmJBLj)_‘f'JKanb

Figure2.5: Equivalent electromechanical circuit of the actuation system.
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2.4.Data Acquisition

Swimming of the autonomous robot inside the glass tube is captured by a CCD
camera, which samples 649-480 pixels at a rate of 30 fps, placed 15 away fromthe
tank for horizontal experiments and 20 cm away from the channel for vertical experiments.
The orientation of the CCD camera with respect to the glass chamegiced inFig. 2.6a.
Eight symmetrically coded stripes of four different colors placed on tledsithe plastic
seal as shown Fi@.1b in order to determine the body rotation rat®&imming motion is
detected with the help of well illuminated grid wittn2m-long markers (horizontal channel
experimentssee Fig. 2.6band markers on the glass chalsn(verical channel experiments,
see Fig. 2.3b)

CCD-Camera l

Glass Tube
a) SO 12
- Untethered
y
IR-Control obot

Si-Oil Bath

Figure2.6: Experimental setup for horizontal channel experimeébtsnponents of
experimental setu@); amera view of cascale biomimetic robot confined to glass
channe(b).
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3. COMPUTATIONAL FLUID DYNAMICS (CFD) MODEL

In this chapter, the CFD simulation basics are presented. The governing equations,
swimmer geometry, channel geometry and correspondmghdary conditions on their

surfaces are briefly discussed.

3.1.Geometry and Orientation

Figure 3.1 demonstrates the micro swimmers in viscous domath (see Fig.3.2)
bounded by the cylindrical channel. Consider a spherical body with a helic@nailend
of the helical tail is converging to its long axis, where the revolute joint is placed between
body and tail. This geometric design is a valid representation for some bacteria species
(Brennen and Winnet, 19Y.7Spherical body and helical tail ampart from each other with
the tail radius in order to eliminate discontinuity in angular velocity boundary conditions
(Ramiaet al, 1993). It is considered that both body and helical tail are neutrally buoyant
with the surrounding medium, which is bouddey a cylindrical channel. Channel has a
diameter ten times that of the spherical body to eliminate the wall effects (van der Sman,
2012), thus simulating unbounded swimming conditions. Furthermore, the swimmer is

placed coaxially with it at= 0 as illwstrated in Fig3.2
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- Helical
O\ tail

\

WV
Micro Swimmer

Micro Swimmer

Figure3.1: Micro swimmers with helical (a) and planar (b) wavegagating tails.
Swi mmer 6s bodgpeifestsphesesi gned acs

ch

Outlet

Walls

Figure3.2 Unbounded viscous medium simulatiatumaing ¢), which is bounded by ¢
coaxi al cylindrical channel wi t h a

Figure 3.3 demonstrates the swimming robots usedchannel swimming
experiments withirthe cylindrical channels (see Fig4). In channel experiments, robots
are either placed concentrically, i.e. vertical swimmingegiments, as depicted in Fig.
3.4.a, or placed eccentrically, i.e. horizontal swimming experiments witimlproximity
to the wall, as depicted in Fi§.4b.
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Swimmer robot design Swimmer robot design
(horizontal channel experiments) (vertical vs. horizontal study)

Sealing

Helical Tail

” -\ DC-motor &
1 \ = DC-motor & :
- . Mechanical
— Mechanical
coupler
Payload coupler Cork’

Figure3.3: Swimming robots used in channel experimeiitse body to the left is of
geomety close to prolate spheroid; however, the body to the right has an unust

geometry.

Closed end Closed end

. w

' = LA NNAN |

. ! B AYAYAYA
a | ),‘
Vertical Channel
Inlet Outlet
| |

)
)
)

Horizontal Channel

Figure3.4: Glasschannels, in which the swimmers are confined, used in experime
Swimmer placed concentrically inside the channel (a); swimmer placed eccentricall
the channel (b). The channel inlet andlets are subject to experimental conditions

3.2.Governing Equations and Boundary Conditions

In unbounded viscous medium studies, the swimmer velocity vector is computed with
resolving the timedomain with a certain stepi z ¢ = 0.Gp5 s Timedependent

incompressible NavieBtokes equations govern the flowan€) and subject to continuity
as follows:
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) %—Lt’+ Utu -V Y|=)yvp+ v2U, (3.1)

v.U=0. (3.2)

Here, vectordJ andu are fluid and mesh velocity vectorsant), respectively} is
the fluid density,e is dynamic viscosity of the surrounding medium, apdis the
hydrostatic pressure. The wave propagation, instantaneous tail shape, is imposed as mesh
deformation on the tail boundaries amd i t). Mesh of the swimmer robot indled with
Arbitrary-LagrangiarEulerian (ALE) deformation method (see Appendix 7) in order to
incorporate motion of swimmer boundaries with respect to stationary channel walls (Duarte
et al, 2004).Furthermore, the mesh velocity term,and the explit time derivation term
in Eq. (3.1),0U/0t, are required for time dependent Navitokes solutions; however, are
eliminated if the simulations are carried out for a specific timete.d.275 ot = 1.975.

Zero-velocity andzeropressure initial conditions are set for Eds1)-(3.2) at t = 0,
whereas neslip boundary condition is imposed on stationary channel walls at all times.
Nor mal stress vectors are set tflowloendaoy at c !
condtion in order to simulate channels with open eAds reason being for the choice of
boundary condition is that the strength of the flow field induced by the swimming robot
fades drastically towards the channel inlet and outlet, where are under thadaflofethe
same hydrostatic pressuiMoreover, neslip boundary conditions are imposed on channel
inlet and outlets to simulate swimming inside channels with closed ends (COMSOL AB
2012).

Position vector on the rotating Idfanded helical taivith wavekength A and angular
rotationn,; wi t h respect to sisgpeufiedbyds center of ma

e X
P = EB(x ) cosla t -Kx) | (33)
EB(x Dsin@ga t- k9
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and the local amplitudB(x,t) on the helical tail for an unbounded swimmer is signified as:
B(x t) = B, min(1, x/0.1)min(1,0.25t (34)

i n swi mmer 6s fr amea-framd depiceed i rFighlc ldere,B,iis the.

maximum wave amplitudekis the wave number= 2 \) with L being the apparent

tail length in thex-direction as shown in Fig.1, andx is the arbitraryx-position on tail
surfacewith respect tos wi mmer 6 s c eRogitiearammih Eqr{Bdsnsarks the
converging end of the tail, and the local amplitude stretches to its final value with-a time
ramp also embedded in E.4) to ensure smooth transition of fulleveloped rotating
helical tail profile for the mesh. In order to simulate the planar wave propagation, second
row of Pin Eq. B.3) is set as zero.

On the other hand, the amplitude of swimming robots in channel experiments is
modeled asB, homogeneously throughout the helical tail without any position or time
dependent ramp function. Furthermore, the swimming robots are equipped with right
handed helical tails (Tabak and Yesilyurt, 2012b).

Velocity vector on thewgface of the tail, carryip out either helical or planar wave

propagating is given with:

dP
gt = Qi X P, (3.5)

where q 4 IS the actuation frequency vecta,jj = &% O O ijand thesuperscript

06 d e thetransms®peration

Resultant body rotation rate vector, due to conservation of angular momentum, is
given asq pogy=& W O O, and the corresponding fluid and mesh velocity boundary

conditions on swimmer surface are given by:

U =V +d pody> Xbody

U=V <= X=Xpody: (36)
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for body, and

_dpP

+V = X :Xtail (37)

for tail, where and vectorsyogy and x,; refer to an arbitrary position on body and tail
surfaces with respect t o Vssignifigsnie reSutantaigiht er

body translation velocity of the swimmerxgz-frame,i.e. V =V, V, \,| . Furthermore,

the mesh velocity termy, in Egs. 8.6) and (3.7) is obsolete for ikchannel swimming
simulations.The mesh velocityu, is specified only for tim@&ependent NavieStokes
computations. For stationary Nawi8tokes computations, where théseno need for mesh

to stretch or compress continuously, the mesh velocity term is omitted in Eq. (3.1) and Egs.
(3.6)(3.7).

VectorsV and A pody are computed with force constraint equations: in creeping

flows, the fluid resistance on the entire surface of a self propelling swimmer should be zero
(Taylor, 1951). Thus, one may numerically set the total instantaneous fluid force vector
acting over tk deforming and moving surface of the swimmer to zero in order to obtain
rigid body velocities satisfying zenoetforce and zeraettorque conditions.The

constraint equations are as follows:

f [—pl +0 A=, (3.8)
S’swimmer
and
f Xswimmer<|— Pl + q rdA= (39
stimmer
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whereA denotes the surface area which is in contact with the viscous3uigmersignifies
the entire swimmer surface, amdvimmeriS the position vector of an arbitrary point on
swimmer surfaceHere, Uin Egs. (38) and (3.9) signifies the shear stress on the tail
surface exerted by the surrounding flow field (Landau and Lifshitz, 20@%io)n is the
local surface normal vector.

Initial conditionsfor the timedependent approh@reV =0andq pogy= 0 att=0;
the constraint equations are solved at each time increment based on the fluid resistance
corresponding to the resultant rigiddy velocities of the precedj time step combined
with current wave propagation.

The last two rows of the constraint equations, i.e. E3)8) &nd 3.9), are excluded in
the CFDmodel to eliminate the lateral rigiabdy rotationdor helical micro swimmers and
swimming robots with helical tailVioreove, the symmetry of inducefiow field by the
travelling plane wave naturally ,caaddgl s out
without further modification of the constraint equatiorence, all hydrodynamic forces
are calcul ated on xyhfames Eiminmatng fairal rofatioasitles, i . e.
swimmer in the channel frame, ixe.r-flame, greatly simplifies the mesh deformation in
q € avoiding numerical convergence issues)d also gets rid of extra rotation natr
calculations betweefnames.

Equations (3.1)-(3.2), in unbounded viscous medium simulatioreme cast in

dimensionlessorm for unbounded domain stugyith the diameter of the bodi,,qy as
the length scale an@" /w,; as the timescale, and henc&wi/Dpoay 2 ds the velocity

scale. Therefore, the scaling Reynolds hembecome&e=}j w,; Dgody/ 2 *. Scaling

Reynolds number used in CRDodel is set to 18 Complete list of variables used in the
basecaseCFD simulations presented in Tablg1and allCFD simulationgor unbounded
viscous mediumare conducted with those particular values, unless otherwise noted.
Furthermore, irchannel swimming simulati@are carried out with actual dimensions and
physical properties of silicone oil.

CFD simulations are carried out using the commercial software, COMSOL
Multiphysics (COMSOL AB 2010). Second order Lagrangian tetrahedral elements are used

in simulations. Forach simulation, the tail of the swimmer is discretized with identical
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element size resulting iat least300K degreesf-freedomdepending on the channel size
i.e. diameter

Linear system of equations is solved with the PARDISO linear solver (Schehk an
Gartner 2004) and a second order backward difference formula with variablestapping
for numerical integration with the maximum time step set to 0.0&% §ime dependent
studies Computations take an average of twenty hours per simulation bigheend
workstation running on Linux to complete three full periods of tail rotatibowever,
simulationsgoverned with stationary Navi&tokes equations are faster since there are no
intermediate time steps to compute in order to recalculate the dacammatrix of the

numerical problensatisfying the numerical tolerances.

Table3.1: Basecase design parameters used in @rddel for the unbounded
viscous medium study.

Parameter Name Simulation Value
Spherical body diameteDyoqy 1
Tail diameter,Dy; 0.1
Apparent tail lengthL; 2
Helical wave length\ 2/3
Helical wave amplitudeB, 0.1
Helical wave propagation frequencg; 1
Fluid density,} 1
Scaling Reynolds numbeRe 10°
Dynamic viscosity,e = 1 / 100
Bounding cylindricalchannel lengthL- 10
Bounding cylindricalchannel diameterD, 10
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4. REDUCED-ORDER MICRO HYDRODYNAMIC MODEL

There exist threenajor approachesised inanalytical solutions to the viscous flows
and the exerted fluid resistance on the rigid or deforming slender objects submerged in: the
slenderbody-theory (SBT), which uses special set of functicaied Stokeslet embedded
in the governing equatioto represent the force fields induced by local flows in viscous
fluid (Lighthill, 1976; 1995;Liron and Shahar, 1978the resistivdorcetheory (RFT),
which further simplifies the problem by using resistive force coefficients (RFC) to
implement a linear relainship between local surface velocity of a slender body and
corresponding fluid resistance acting on it (Gray and Hancock, 1955, Brennen and Winet,
1977; Johnson and Brokaw, 1979); and the asymptotic solutions of Stokes based flows
inducead by the planar wave propagation in unbounded viscous medium by perturbation
methods (Taylor, 1951and bythe helical wave propagation in bounded viscous mediums
solved withthe help of a set dfiarmonic functios representing the inducddw fields
(Felderhof, 2010)The latter two approaches are used to predict the forward swimming
velocities in kinematic fashion, although Taylor further discussed the hydrodynamic
stresses exerted on a tail carrying out planar wave propagations.

Thesemethodsand coefficientsdiscused aboveare applicable for highly viscous
flows, i.e. creeping flows, where all acceleration effect inside tnd #re comparatively
small on the order of magnitude, thus can be neglected altogether (Batchelor, 2005).
However, there exist some correctsto this approacbn the fluid resistance acting on
moving rigid particledfor transition Reynolds number flows, oscillatory motions and far
field effects Odar and Hamilton, 19644appel and Brenner, 1965; Lovalenti and Brady
1993a; 1993pLandau and.ifshitz, 2005h. Here, the focus is strictly on the creeping flow

conditions.
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4.1.Resistive Force Theory (RFT) Models

Microhydrodynamic models with resistive force coefficients are employed to predict
time-dependent velocity of the swimmer robots, and results are validated with experimental
observations (Tabaét al, 2011; Tabak and Yesilyurt, 2012a; 2012b) and results obtaine
via CFD-models (Tabak and Yesilyurt, 2010a; 2010b). Thierohydrodynamic model
which is also simply referred to as hydrodynamic model in the following text for
convenienceemerges as a flexible tool in which a variety of physical stineuj. externa
magnetic torque, can be implemented and coupled to the hydrodynamic problem

Here, the building blocks of the hydrodynamic model are discussed in detail. Figure
4.1 depicts the frames of references on swimmers with tails carrying out either planar or
hdical wave propagations. Local Frergerret frames differ by the position on the tail: the
tangential directiont, points the local tangent on both wave propagation methods; the
normal direction points the symmetry axis in helical swimmers and sidewagwiommers
with planar waves; finally, the binormal direction points the negatigigection in helical

swimmers, whereas is perpendicular to the surface with planar waves.

Figure4.1: Swimmer frames: local Frer®erret framegnb, swimmer framessqgr, and
lab framexyz. It is assumed that lab frame and swimmer frame are not coinciding
perfectly parallel manner, unless otherwise is assumed.
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The sgr-frame coincide with the center of mass, which is assumed to be at the
revolute joint between body and tail in unbounded medium simulations as already depicted
in Fig. 4.1, and the-direction coincides with thlkong axis of the swimmer. The lab frame,
in which the observing eye resides, is stationary. Moreover, the Cartesian lab frame is
interchangeable with cylindrical coordinates if required.

Time-dependent trajectory of the miessvimmer robot is obtained frothe equation

of moti on, whi ch balances forces on the rob
ek Fe F e
ko Fe oF ¢ o 4.1)
QTU TQ U-|- e u
€' Bddy €ail U ext@rnall

whereF andT are force and torque vectors, and subschpidy andtail refer to the body
and the tail of the swimming robotic device. For simplicity, it is assumed that the body of
the swimmer is a blunt object such as a spheroid, and the tail is subject to a motion that
generates propulsion force in viscous flows, suchhasrotation of a helix, or traveling
plane waves on a slender rod as commonly observed among micro swimming organisms
(Brennen and Winet, 1977).

The resistiveforce-theory approach employs force coefficients in order to predict the
fluid resistance actingn a highly localized position on the deforming surface of a slender

body due its velocity along an arbitrargxis as follows (also see Fig. 4.2):

dF = U, (4.2)

whered( is the infinitesimal length along the slender rod as depicted in Fig.TAi2

approach is one of the key elements to the hydrodynamic model presented in this text.

77



> U U

U \’U "' t\/
4

’ 7
\ ’br df - A

-‘I

Planar wave propagation

Figure4.2: Local surface tangent and binormal directions with relative ¥ielacities anc
corresponding fluid resistance acting on a travelling plane wave propagating ta

Based on Eq. (4.2), for creeping flows, at low Reynolds numbers, equations of
motion can be cast in a linear system of equations relating the generalized force and

velocity vectors by means of theb§-6 resistance mak, B, as follows:

eF Ve
&r

B ‘g
Q&

(4.3)

[sfarlS]

Once the linear relationship between the motion and the resultant fluid resistance
acting on a rigiebody is modeled as presented by Eq. (4.3), the next step is to implement
resistancematrices for the parts, i.e. body and tail, and finally for the entire swimmer
subject to the actuation method.

Time-dependent resistance matrix of the t&,, , is obtained from the integration of
the product of velocity components, which are projected onto the local RBemnet
coordinategsee Appendix 5), ankbcal force coefficients, which are projected once again
onto the lab coordinates in the following fasti

0o
! (RCR')3 4 (-RCR'Si) a3
(Stail RCR’)% (=S RCR Sl )33

B de, (4.4)

tail —

where ¢, is the actual length of the tail, i.e. measured along the deformed slender rod.

The 3by-3 square matrix to the upper left corner of the resistance matrix of tail
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corresponds to the fluid resistance due to sole Hgidy translations or surface
deformations. The matriR denotes the rotation from local Fres®&rret frames to the

common swimmer frame and is specified as:

R=[t(s?) n(sd b(sl, (4.5)

where the vectot denotes the local tangent, the veatodenotes local normal and the
vectorb denotes local binormal (see Appendix 5 for details). The mé&troontains the
local resistive force coefficientsgnp in diagonal form which arediscussed in section
4.1.3 in detail

o O

(4.6)

(@)

I
o o L
o o
L

The 3by-3 matrix to the upper right corner of the resistance ma®i, is
responsible for coupling the rigidody rotations of the swimmer to the translational
resistance acting on the tail. The mat8; is the skewsymmetric matrix representing the
local crossproducts transforming angular velocity vector into linealoeity vector, based
on the fact thaty xP = —Px(q, and thenegative sign is already taken account for in Eq.
(4.4):

0 -PR, Py
StaiI = P 0 - PX/D ) (4.7)
—F’y PX/U 0

wherethe vectoP denotes the local position of an arbitrary position on the tail surface, e.g.

given for a lefthanded helical tail with respect to tbenter of masssfomGeomfeon] , Of the

swimmer as;:
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2 Us- %omv
P = gB(s t)cosl,; t -KVJS) Qom (4.8)
8B(s Ysinu, t- KIs)- gy

and the local amplitudB(s,t) on the helical tail is given as:
B(s )= B min(1, s/0.1) min(1,0.25%. (4.9)

Here, the first min function in the local amplitudB(s t), is responsible for the

converging end forming the joint between body and tail. The second min function is the
time ramp to attain maximum amplitude throughout the tail. To model a planar wave
propagating tail, one would simply set the second or thiré r@wectorP to zero.

The 3by-3 matrix to the lower left corner of the resistance maBix,, is responsible
for coupling the rigidbody translations of the swimmer to the rotational resistance acting
on the tail. Thus, an upstream alogglirection would eventually rotate the helical tail
freely if it is untethered and not actuated. Finally, thby3 matrix to the lower right
corner of the resistance matrB;, corresponds to the fluid resistance, i.e. viscous torque,
due to mere rigiébody rotdions of the swimmer and its tail.

It is important to note that, the normal component of the resistive force coefficients
has no effect on viscous force and -baly que
translations and rotations in lateral diiens are directly affected by the resistive force
coefficient in normal directiorg,, (see Appendix 4 for further details).

The resistance mat r i Byuaydsfimplerheatedsinwva simifeg r 6 s
fashion to the resistance matrix of its tail, bath a simpler procedure. The resistance

matrix is given as:

B

Dr _DTSbod\i’ (4.10)

body ™ SoodyDT D R

where the resistive force coefficient matri@sandDg are given as:
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D;=| 0 DT’q 0|, (4.112)
0 0 D,
and
DR]S 0 0
Dr=| O DRq 0 |. (4.12)
0 0 DR]r

The 3by-3 skewsymmetric matrixS,oqyis written for the center of mass of the body,
thus the 2oy-3 upper right and -By-3 lower left matrices, which are responsible for
coupling rigidbody rotations to fluid resistance and coupling rgatly translations to
viscous torque respectively. Hewer, those matrices are equal to zero if the body has a
symmetry axis which coincides with the long axis of the tail.

The resistance matrix of the entire swimmer is obtained by superimposing the
resistance matrices of body and tail, which are calculaggdrately. Furthermore, the
effective resistance matrix of the swimmer depends on the actuation method, e.g. the
resistance matrix of a magnetically actuated swimmer would be different than that of a
bacterialike swimmer.

A single link swimmer, i.e. magtieally driven helical swimmers, has a rigid joint
between their body and tail (Taba&t al, 2011; Zhanget al, 2009; 2010). The entire
swimmer is rotated by an external magnetic field, which in turn, leads #degrees of

freedom to solve for. Thus¢heffective resistance matrix of the swimmer becomes:

Bswimmer=Bbody B tail- (4.13)

A bio-inspired bacteria like swimmer, on the other hand, has a revolute joint allowing
body and tail to rotate with different rates in opposite direstifTabak and Yesilyurt,

2012a; 2012b). This leads to total seven degrees of freedom; however, the rotation of the
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helical tail is utilized for the thrust generation. Hence, the number of total degrees of
freedom to be solved is reduced to six. Furthermthre effective resistance matrix of the

swimmer is written as:

* *
Bswimmer= Bbody B tail-

(4.14)
where By, is obtained by setting the entire fourth row of the tail resistance ma&jx, to

zero. Hence the rotation rate of the tail is excluded from the general solution given the fact

that the actuation frequency;ai, is already known.

4.1.1.Resistance Coefficients for Rigid Bodies of WeKnown Geometries

There are several resistanceefficients for known geometries, i.e. spheres and
spheroids, Rerrin, 1934; Berg, 1993; White, 200&owever, Perrin (1934) provided the

most complete set for prolate and oblate sphetaidsvr

2. —r?
body, s bodyf{ g}

Dr ¢=16 p— ; , (4.15)
(Zroody, s~ body a1’ — 2' body
rbzd —rf) df
Driqy =32 > oY o AP (4.16)
(Zrbody, s 3 body{ ;q}rB +2r bodgly :
for rigid-body translations; and

2 2 2

I —r r
DR,s:3_2’ " ( body, s~ ' body ,q}r) body, § r 417)

>
3 2hody s~ body g}
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4 4
32, "ody, s~V body gy

Driqs =3

(4.19)

) 2
(Zrbody, s T body{ ;q}r)S —2r bogly

for rigid-body rotations, with the geometric functi8mn Eqgs. (4.15)4.18)asgivenby:

2 2 0.5
2 | Toody s (body 1 “body .47
2 2 )05 09 " v Thody s~ " body gy
S— body,s  body g} body{ q ¥
2 2 0.5 ’
2 a1 (foodys q # —"body 3
2 2 0.5 an r ! = rbody s< r body{q,r}
(rbody,{ gy r body g body, s

(4.19)

4.1.2.Hydrodynamic Effects on the Body Resistance

However, eithea perfect sphere @f a complexshapethe effective resistance acting

on the swimming robotds body changes drast.

to which a deliberate correction is required in order to achieve accurate resistance force
predictions. Happel and Brenner (1965kmrated on two distinctive resistance corrections

for spherical bodies moving confined to the cylindrical channels; preferably undergoing

rigid-body transl ations parall el to the <channe

intended for the upstreamei channel flow, and given as:

, (Ren—dpoay)?
Fy=—6 E‘)body|ubodyxu chH t Rg =

Rh ecc| §¥

h

R R
[+1bodyf ] 2 bodH (4.20)

whereUn x signifies the channel flownoay xis the velocity of the spherical body, angl
is the shortest distance between center of the body to the cylindrical channel wall. Happel
and Brenner (1965) provided a leal table for the eccentricity functiofag, as a function

of (Ren T dooay)/Ren, from which the following curve fit is obtaind€dlso see Fig. 4.3):
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(4.21)

foso=0.0001528 ~*0en™ body) Ren_ 13631 4 R,05786L 21,

Here, he average channdlow, Ug, , induced by a translating body confined to a
constant crossection cylindrical tubewith closed ends can be predicted Eg x =
Ubody.Moody/ (Ach-Anoay) for all practical purposeshereAq is the cross sectional area of the

channel and\,.qyis the effective area opposing the fluid in front during forward translation
The second correction presented by Happel and Brenner (1965) is based on the

eccerricity of the spherical body confined to the cylindrical channels of infinite lengths

combined with the ratio of the radius of the spherical body to the radius of the chaanel it
confined to. This correction does not deal with upstream velocity fietdrdgards the

direct hydrodynamic interaction between body and channel walls as:

, I:‘>body
Fy=—6 9bodyU bodyfeccT- (422
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Figure4.3: Eccentricity functionfecs
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Further discussion on the effectlotal proximity tosolid boundaries can be found in
(Happel and Brenner, 1965).

Moreover, Tabaket al (2011) presented an approach to handle the presence of
channel boundaries byifé¢éning the resistance matrix elements in accordance with the
minimum local proximity. The resistance matrix elements are modified to attain numerical
stiffness as the swimmer moves closer to a solid boundary in order to simulate the
bouncingoff effect without actually coming into contact.

In order to simulate the bounchuif effect, an artificial concentric channel with a
radius smaller than that of the actual one is implemented numerically. The channel
correction is conditionally turned on when theiswing robot penetrates this artificial

channel (see Fig. 4.4) and the elements of the resistance matrices are altered as follows:

€ Kyal
By =1 (den- U/) HF”’ Ud 0i {14 (423
LBy, Od 9

where U is the penetrati ogis the gistance betweeh h e

artificial and actual channels, akg; is the stiffness constant of the artificial channel.

\’
o Ay
o I N £
2 _ e b
- B}
Front view r  Side view

Figure4.4: The artificial inner channel, demonstrated with dotted line, and the act
channel. Resistance matrices are modiidken swimming robot penetrates the artific
channel.
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Moreover, the complex flow field induced by the helical swimmer is known to result
in hydrodynamic interaction between its body and té#ller and Rubinow, 1976; De la
Torre and Bloomfield, 1977; Phdrhien, 1987;Watari and Larson, 2010). One may
reinterpret the resistance matrix of the body to incorporate the hydrodynamic interactions
with nonzero oftdiagonal terms, which would not exist for atherwise isolated
axisymmetric bodyHappel and Brenner, 1965)he hypothesized translational resistance

matrix, in general form, is:

gDT,ss Drsq D1sr
Dt modified = gDT,qs D1gq Do (4.249)
gDT rs DT, rq DT, rr

It will be evident in the next chapter that, indeed, the hydrodynamic interaction (HI)
between body and tail requires special considerataong the resolution relies with
modified diagonal elements and npero offdiagonal terms in the body resistance matrix,
Dr.

4.1.3.Resistive Force Coefficients for a Wave Propagating Slender Rod

The next step is to find out appropriate force coefficientsabatrate calculation of
the force coefficients is extremely difficultere, a list of coefficient sets provided in
literature in order to predict local fluid resistances in unbounded anddbdui.e. in
channel or near plane wall, viscous mediums.
Several coefficient sets are presented in literature for unbounded viscous medium
assumptionand they solely incorporate the effect of wave geom&iyr Li ght hi |l | 6s

suboptimal locaforcecoefficient set based on SBT analysis is:

o 4" €
“ =% T Ro0.18y, ¥ ¢

(4.25)
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and

2" ¢

= . 4.26
% = In(0.18V U (429

The localforce coefficient set presented by Gray and Hancock (1977) is:

4 €
pu— pu— y 4.2
“ =% = @V )+ 0.5 (4.27
and

2 € 4.29

4~ @V, )-05

The localforce coefficient set presented by Johnson and Brokaw (1979) is:

4 ¢
D= @ i) 05 “2
and
4 ¢ 1. (4.30)

4T @V, )05

Resistiveforce coefficients presented in this section account for the local distance of

the center of the taild,; , to the channel walls. Orfairly detailedconditionalcoefficient

set is presented by Brennen and Winet (1977) as follows:

4" p PRSP
_ IN(\/ 1) +0.193— 3\ /8¢y 2 (4.31)
4’ A 1 |
S e———>1
IN(20kq; /Tiail ) 2Gi
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4'p PRSP
B In(>\/rtai|)+0.193— 3 /4%” ’ Zg” - (4 32)
= 4 " N ’ :
, RN
IN(20ka) /fai )—1 26k
and
2'p A
<
N0 1)—0.807— 3 716" © 2gh —°
G = , | (433)
¢, = L >1
IN(2ckqi) /Mgl ) 25

which, considering the distorted symmewy the induced flow fieldaround the tail due to
the presence of a boundary, introdsidéssimilar locafesistive force coefficients normal
and binormal directions as presented in.E4$81)(4.32).

Laugaet al (2006) presented a simpler resistance coefficienffaetulated as a

subset that of the coefficient set presented by Brennen and Winet (1977):

== gt E
IN(2dkqi /fai )’

(4.34)

and

G = 2" €
IN(20kai /Mail )

(4.35)

4.1.4.Calculating Resistive Force Coefficients with CFD Analysis

In addition tothe force coefficients presented in literature, it is possible to calculate

resistive force coefficients from CFD simulations. The force and torque values computed

88



can be employed along with the resultant velocity values, in eitherdgrendent or time

averaged fashion. A simple form, i.e. employing tiaveraged values of only velocity and
force components is-axis of the swimmer, i.Js, R sandT; s, without lateralvelocities,

is represented by Eq. (4.36): the equation is obtained by carrying out the integration in Eq.

(4.4) in symbolic form explicitly followed by rearranging as:

e_ g ie Wail :
§hs 0 [eBlk -EBkg & BK g 5‘3‘

Thus, the corresponding resistive forceefficient can be obtained by simplifying and
rearranging=q. (4.4)for time-averaged swimming confined to the long axis of the roBot
more general form can be obtained by including all velocity components ofbagiy
translation and rotation vectoo$ the swimmer. Furthermore, Eq. (4.36) can be rewritten in
time-dependent fashion to calculate the force coefficients to incorporate any possible
transient effects; howevgaccelerations in viscous flovesebeyond the scope of this study.

This method isused for CFD simulations carried out for swimmers moving in
unbounded viscous medium for validation of hydrodynamic model. Moreover, the obvious
advantage of this method is that all flow fields, interactions aneeéedts on the tail are
accounted for.

In addition to constant resistive force coefficient pair calculated from a CFD analysis
carried out with a single helical tail, a custom coefficient set can be implemented with a
novel geometric representation afrotating helical tail. The helical ta$ assumed to be
composed oberies of torand rod, i.e. each wave is projected on a single torus and single
rod as depicted in Fig. 4.5. The local hydrodynamic fqregsch are calculated in the
directions of surface tangent, normal and binormal dimestiacting on the torus and the
rod undergoing rigiebody translation and rotations are utilized in a series of curve fit
analyses to formulize the custom force coefficient set. Details of the CFD analysis, curve fit

study, and the resultant force coeitts are presented in Appendix 2.
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Torus Helix
Figure4.5: Representing a single helical wave with a temarod.

4.1.5.Actuation System Implementation and Solving The Equation of Motion

Finally, the actuation systems are coupled to the hydrodynamic model in order to
include the external stimuli acting on the swimmer, either througimia@@r dynamics for

the bacteria like robotic prototype or by the effective magnetic torque acting badie

4.1.5.1.0n-board powered swimmer

The external torque in equation of motion (see Edl)(4s obtained by means of
coupled mechanical and electrical properties of the actuation system, i-@o@€
dedicated to rotate the helical tail. All electromgaical properties except rotor friction are
experimentally measured: effective battery voltag® ®nd total electrical resistancgtR
are dependent on instantaneous motor cur(gnt |

Motor current is determined by the following differential equation:
L%#«tn(o V(D) Koug, (437)
where L is the motor inductancey, is the total instantaneous rotational velocity of the-DC

motor, and K is the backEMF constant of the D@notor (Spong and Vidyasagar, 1989).
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Linear relation constarB.; between effective rotational friction, which is dominated by the

interaction between prototype robotic swimmer and the channel wall, and the instantaneous
rotational velocity of the motor, is computed online by the following egngSpong and
Vidyasagar, 1989):

(Betf +KpKm/R() s, V(DK (/ R(H) (D (4.39)

whereK, is the torque constant, afd(t) is the instantaneous hydrodynamic load on the

rotor. It is noted that moments of inertia of swimmer or motor are not included. Bjpae

resolved, the friction torque in equation of motion (see Ed))X4 given by:

Texternal friction:g By 0 O if, (4.39

and the resultant swimming velocity vectors are solved by:

a &0z3 o
N & e U
QV g * 1% e 5l l:l@ 0 2] (440)
e u =- (Bswimme) ~ aBtail é rér . u
& dvimmer & é 0 (é'external friction
€ u
éﬁ 60 uq

where the inverse of the effective resistance matrix is handled with a special method

utilized by Fujimoto(2007)(also, see Appendix 5 for further details).

4.1.5.2.Magnetically driven swimmer

External torque vector in equation of motion (see @dl)) is due to the magnetic
field, which is generated by Helmholtz coil pairs, applied alongxthgis in lab frame.
Magnitude of the magnetic fieldd, along the axis of a single coil is proportional to the

current passing through that coil, and givgn(Jiles, 1998):
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— I\"coil Rczon
[H| _W (4.41)

whereN is the number of turnsgd is the magnitude of the curreR; is radius of the
Helmholtz coil pairs| is the distance of the magnetic swimmer from each coil.

The resultantorque felt by the magnetic head of the swimmer is given by:
Texternal magnetic R v ”Z "" H" n,sing) (442

whereV is the volume of the magnetic bodyjs the magnetic permeability, andl is the
magnetization of the magnetic head. The direction of the resultant torque is denoted by the
normal vecton,. The projection of the magnetic field from the lab frame to swimmer frame

iIs handled by the transpose of the rotation matlx, implemented based on quaternion
rotations (Baraff, 2001) (also, see Appendix 5 for further details). Angle between the
external magnetic field and the body is denotedylayyd computed as the integral of the

difference between the angular velocities of body and the rotational magnetic field:
b
= f ( f%a’gnetic_ s O (4-43)
Lo

where fnagneici S t he actuation fr equendcyhe edultarit he ma
swimmer rotation along-axis, which is initially O and updated at each simulation time step
beforehand the equation of motion is solved. In the case when the swimmer rotates with the
frequency of the magnetic field the angleemains castant however, when the strength of

the field is not enough to overcome the f1lu

swimming velocity vectors are solved by:

V
o]

-1
= Bswimmer[

0 U (4.44)

T .
swimmer external magneti
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where the inverse of the effective resistance matrix is handled with a special method
utilized by Fujimoto (2007) (see Appendix 5).

Continuous steady torque is sustained by means of the rotating magnetic field as long
as the swimmer rotates with the field. Wihtbe swimmer loses its synch with the magnetic
field, effective torque drops and the swimmer can no longer rotate at the same rate with the
field, thus, the propulsion becomes erratic. The maximum frequency that the swimmer can

follow without loss of proplsion is called steput frequency (Tabakt al, 2011).

4.1.6.Projecting the Rigid-Body Kinematics onto the Lab Frame

The swimmer velocity and position vector in lab frame,xyz-frame, is calculated

with the help of quaternion rotations (see ApperslixResultant velocity vector is given

by:

eV 2 ¢ c

g vz gErR 0 ‘3\/3‘” (4.45)
@sar g0 | 0Cgor

wherel is 3-by-3 identity matrix and R is the rotation matrix from swimmer frame to the

lab frame The position of the center of masstlbé swimming robotj .om:i N S Wi mmer 0 S

frame of references obtained by:

T

j com:f V<yz dt (4.46)

0

and position of an arbitrary locatipa.g.on the tailsurfacejs expressed in the lab frame as

follows:

Pyz =} com*R F. (447)
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4.2.Slender-Body-Theory (SBT) Models

Slenderbody-theory is based on modeling the flow field around a point in space as a
hydrodynamic singularity, e.g. point force, which loses its strength in rdidedtion due to
viscous dissipation (Chwang and Wu, 1975; Lighthill, 1996b). The mathematical functions
used to represent these singularities are called Stokeslet, (Lighthill, 1976; Brennen and
Winet, 1977; Johnson and Brokaw, 1979). Stokeslet functiansbe cast to predict the
swim velocity of a rotating helical bodand the flow field induced by ({tLighthill, 1976;
1995.

Sir Lighthill proposed two distinct solutions to the fluid resistance acting on a helical
swimmer based on Stokeslet solutions. In his first analysghthill (1976) derived
resistance coefficients from the distribution Stbkeslets and point forces @m infinite
helix in an unbounded fluid. A number of simplifying assumptions are used in the
derivation of resistance coefficients. The local norrmagland tangentialk;, components of
the resistive force coefficients are obtained from the Stokesletsemtation of the velocity

on the tail as follows:

2 ¢

= . : 448
~In0- 0. 5#U0-A? (1 (448)

G

and

B 4 ¢
0+ (220, 14) A-(20)

Gy (4.49)

Here U is the ratio between Gipgvenrbgat and
rel ationship baged,onm ntda hldévser|endfii and A& are

periodic integrals of functions of assumed local flow fields and specifigdLighthill,
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1976) (also see Appendix8). This new setcan also be utilized in resistifercetheory
based hydrodynamic model.

In his second analysis, Lighthill (1976) proposed a more generalized representation,
referred ascy approach within this text, and formuldt¢he fluid resistance along the
symmetry axis of a helical swimmer without dealing with local fluid resistances.
Furthermore, the forward velocity is formulated with correction for the presence of a towed

body, which also allowed prediction of resultartdiy rotation rate. Final equations are

given as:
Uy=ACu-T - -1 1H+nq Ui A o (4.50)
W, :47OSBc2) 'ﬂﬂIXC\/\ﬁ-taiI/ DR X1 (451)

where ¥, is the tail actuation frequencyr,x is the rotational drag coefficient of the
Swi mmi ng r obot ¥ais. Qoahg C, ara translhtm and rotation rate
correction functions for dnthyeis thevdinmnsmmedss b od

torque acting on helical taiFurther details of equations can be found in (Lighthill, 1976)

Also, refer to Appendix 8 fodetailed derivations
4.3. Asymptotic Solutions of Stokesian Representation of Bounded Flows

Felderhof (2010) formulated the forward velocity of a helical body which is rotating
with an actuation frequency of and confined to a cylindrical channel concentrically.
Aut hor 6s analysis is based on the aneal yti c:

(1965) for mobility in cylindrical channels of the form:

V=vaqwx qn +)3@Ir v (+%r§)x (452)
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in cylindrical framex r, @ith harmonic functions (Felderhof, 2010) specified as:

Q&krot = Agikn+Ab (kn kwtdi (453
a(x.0,)=t l(A)+ ki )Ros( kw +0), (454)
BKrot = As)kn+ A (kn  K—wtigd i, (4.55)

11111

second kind, 41, and are solved with the boundary conditionswofslip on the surfaces of

rotating helical body and cylindrical channel (Felderhof, 20EQjthermore, in this text, a

hydrodynamic interaction coefficien®;, , is included in the final solution to take the effect

of a towed bluntbody in the forward velocity calculation®etailed derivation of

coefficient matrix and forward velocity is presented in Appendix 8.
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5. ANALYSIS OF THE INDUCED FLOW FIELD WITH THE CFD -MODEL

This section presents thmsecaserigid-body kinematics of swimmers particularly
with planar and helical wave propagations, and focuses on the flow field induced by the
helical wave propagation extensively. The numerical studies conclude that the
hydrodynamic interaction between body ahdlical tail is of great importance but a
comprehensive quantitative analybssed on the wave and tail geomagynot presented
in literature to dateThe numerical investigations presented in literature do not include the
time-dependent relationship tveeen the velocity and corresponding hydrodynamic force
acting on the swi mmer 6Thienpl®8¥)y (Johnson, 1980

The focus of interest here is the flow field results, which are computed by the CFD
models used to examine the 4 degoééreedom motio, of a bacteridike, i.e. helical,
swimmer. The helical swimmer is comprised of a rotating rigid tail and a spherical body
with a revolute joint in between. Swimmer is fully submerged in a viscous fluid, which is
bounded by a large stationary cylindrichlannel. Channel diameter is ten times that of the
sphere diameter in order to simulate infinite medium. The -tependent swimming
velocity vector is computed under the condition of zeebforceswimming. Resultant
flow field surrounding the swimmeis governed by the timdependent NavieBtokes
eguations subject to continujtye. conservation of mass

Distinct counter rotating forward and backward flows emerge surrounding the
swimmer. Based on hydrodynamic interaction between these flow fieldbrdsistance on
swi mmer 6s body and -domainl It isaobserved that fhe reststanicenon t i me
the body differs from analytical predictions under the influence of the rotating tail, and a
modified resistance approach, which greatly depende®wave geometry, is needed.

Furthermore, the hydrodynamic interaction leads to a pbhifie between

instantaneous lateral velocity of the swimmer and the corresponding fluid resistance
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exerted on its body. Given the complicated shape of the tail, ecdional diagonal

resistance matrix approach for axisymmetric rigid particles moving in viscous flows is not
appropriate to account f or suc hsbaly inghist s a ct
study, hydrodynanc interaction (HI) coefficientare intoducedon the diagonal and off

diagonal terms of the resistance matrix of the body to compensate the complex flow field
interactions in analytical calculationsvloreover, inspecion is carried out onthe

relationship between Hioefficients and tail geomst with parameterized wave length and
amplitude, and observed tHaydrodynamic interactio(Hl) coefficients are more sensitive

to the former.

In addition to the hydrodynamic interaction within helical swimmers, similar
interaction is detected in the kimatic results of the swimmers with planar wave
propagations. The kinematic validation reveals that the -bguly rotations due to the
hydrodynamic torque induced by plane wave propagation induce rotational flow around the

body decreasing its effective atitonal resistance, as will be described in the next section.

5.1.Kinematic Analysis on the BaseCase Design

This section deals with pure kinematics of the rgatly motion of an isolated
swimmer fully submerged in a viscous fluid. It is numericatipserved that the
instantaneous lateral velocity is comparable with the forward velotitgagnitude albeit
has a zero timaverage Swi mmer 6s trajectory is strictdl
planar wave propagations; howeyvextends to the thirdlimension with helical wave
propagation. In a sense, planar wave propagation is considered as a subsection of helical

wave propagatiom the sense of rigibody kinematics
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5.1.1.Helical Wave Propagation Results

Figure 5.1 shows the swimming velocity vector of the robwith basecase
parametersi.e. B, = 0.1 and\=2/3, and demonstratebe trajectory of the micro robot in
the channel frame. Forward veloci¥ (seeFig. 5.1a) and body rotation raté/, (seeFig.
5.1c) reach to a virtually steady value as the initial ramp is satisfied and wave amplitude
reaches to maximum. Lateral velocities, on the other hand, depict steady periodic behavior

by sinusoi@l waves with zero timaverage. Thé / phase betwee)v{y andV, observed in

Fig. 5.1b suggests d@hree dimensionaime-dependentrajectory ﬁt), for the swimmers

with rotating helical tails, as already suggested by Keller and Rubinow (IRy&)ier and
Ford(1997), Corkidi et al. (2008) and Hsu and Dillon (2009)

= 3D Trajectory
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6 .01
Figure5.1: Time dependent velocity vector and rigid body translation ohdieal
swi mmer 6 s c €amvarl velodty of threansceo rob¢a); lateral velocities of th
micro robot(b); body rotation ratéc); helical trajectory of the swimmer in channel frar
xyz (d). Tangent velocity vectors are scaled by 0.5 and dépectelocity of the
Swi mmer 6 s ¢ enteyr-pontibninsideshe boardingechaonkel.
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Figure 554 s hows the three dimensional trajec
center of mass with scaled velocity vectors
xyz. It is noted that elimination of lateradtations of the swimmer leads to swimmer frame,

sgr, and lab framexyz, coinciding for the duration of simulations, as discussed earlier.

5.1.2.Planar Wave Propagation Results

Planar wave propagation is a special case of helical wave propadatjone 5.2
presents the rigitbody velocity vector of the swimmer with planar wave propagating tail.
The magnitude of theofward velocity is half that of the helical swimmer ($8g. 5.2a),
and one of the lateral degrees of freedom is cancelled due to the syrofmthe induced
flow field induced by the planar wave propagation (Tabak and Yesilyurt, ®2@UAQ;
2010 (see Figh.2b) . Swi mmer 6 s body does not K-otate
rotation is induced; however, the entire swimmer rotates aloag-a x i s Mhdrenh

there is no deformation on the téskee Fig5.2c).
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Figure5.2: Time dependent velocity vector and rigid body translation opthear wave
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Provided that the rigidbody rotations are confined wwy-p | a n e, t he swin
trajectory is two dimensional (see Fig. 5.2dpbwever, this result is contradictory to the 3D
traction results of the sperm swimming presenby Corkidiet al (2008) provided that the
tail deformation in the CFD simulation is imposed with respect to a rigid joint between
body and tail of the swimmef.r aj ect ory of swi mmer s center
black line and the position dendent velocity vectors are represented by blue arrows in Fig.
5.2d.

5.2.Analysis of theFlow Fields Induced by Helical Wave Propagations

Figure5.3a demonstrates a layer of tkeeomponent of flow field circulating around
the swimmer. Forward flow field with a magnitude of 0.02 in negathdirection (light
isosurface) is induced by the 4sbp boundary condition imposed on swimmer boundaries
following rigid-body translations othe swimmer, whereas backward flow field with a
magnitude of 0.09 in positived i r ecti on (dark i sosurface) 1 s
pump-effect, which will be explained in detail in the following section.

The total 3D flow field induced by thieelical swimmer is depicted in Fig.3b by
dense streamlines captured at1.975 s: given the nslip boundary conditions imposed on
swimmer surfaces,e.therigidgb ody r ot ati ons of ,teevurnoumaéingd s b o
fluid is forcedto swirl.

Streamlines presented in Fig. 5.3b depict how the flow field, which is relative to the
Swi mmer , i s perturbed by the rotation of suv
symmetry axis of the channel from the inlet where they start, virtually paraltéle xy-
plane till twisted by the swimmer. The effect of rigpddy rotations are contained in a three
dimensional space narrow in diameter around the swimmer where hydrodynamic
interaction between body and tail actually takes place. However, the catypé the
three dimensional streamlines indicatihe necessity for two dimensional flow field
analyses. Furthermore, the direction of the streamlines at the back of the swimmer is

subject to the instantaneous lateral velocity, e.g. in the pogHilection att = 1.975 s.
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Figure5.3c demonstratewith normalized 3D arrowsn a more simplified approach,
that the rotation of body and tail induce counter rotatireg tangentialflow fields around
the swimmer, away from the revolute joint between the body andThd. normalized
arrows depicted in Fig. 5.3c indicate that the distinct flow fields induced by body and tail
would run into each other around the revolute joint, tlasling to the complex flow field

presented in Figure 5.3b, hence hydrodynamic interaction.

5.2.1.Effect of Body Geometry on the Induced Flow Fields

According to CFD simulations, the fluid
greatly by the flow field with is induced by the pumgffect of the rotating taiFFigure 5.4
depicts the effect of tail rotation in detail revealing the hydrodynamic interaction (HI)
bet ween swimming robotdéds body and its rotat
tail rotation, bodies with and without rotating tails are studied byns\@ resultant flow
fields.

First, a timedependent velocity vector is imposed on the surface of an isolated
spherical body submerged in an unbounded viscous medium. The velocity vector is
identical to that obtained from the basssse CFBmodel which isrepresented in Fig. 5.1.
Resultant streamline profile represents the flow fieldymiplane around the moving and
rotating sphere, at = 1.275 s (sed-ig. 5.43. Depicted flow field is symmetrical with
respect tox-axis since the instantaneoyselocity, Vy, is zero at = 1.275 s.

Next, a norrotating helical tail is placed on the right hand side of the sphere as
presented irrig. 5.4b Boundary conditions on the noatating helical tail are set identical
to that of the spherical body except for thgidibody rotation, thus the entire swimmer is
being dragged throughhe viscousluid. The streamlines depicting the flow field around
the sphere becomes less dense signifying decreased viscous drag. Moreover, the viscous
friction at the back of the bodg partially distributed over the helical tail, and, although the
total fluid resistance is increased, the resistance on the sphere is slightly decreased (see
Table 5.2).
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Figure5.4: Effect of tail rotation on the flow fietddepicted by thin black streamlines c
xy-plane with the swiming velocities presented in Figusel imposed as boundary
conditions;isolatedspherical bodya); spherical body with nonotating helical tai(b);
spherical body and helical tail, which rotate wathand¥ i, respectivelyc). Streamline
profiles are captured &t 1.275 s while instantaneoysselocity of the swimmer is zerc
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However, when the helical tail is allowed to rotate with an angular velocity,pbn
its long axis, the streamline density around the body increases consideraltig(€edg.

This pheaomenon is, in effect, a substantial increase in the velocity gradient due to normal
stress build up at the back of the spherical body amplifying the net fluid resistancein the
direction (see Table 5.2). Thetationalflow field drivenby the pumgpeffect is also evident
through the streamlines running down ttaxis of the helical tail: streamlines behind the
body are forced to follow the long axis of the helical tail and purged at the back of the
swimmer.

The relation betweenthegeemt r y of t he swi mmer ds body
Is further studied with two axisymmetric bodies. First, a prolate spheroid having a long
semiaxis 2.15 times as long as short sexisof it is inspectedThe CFDmodel is solved
for three cases: isaled spheroid (sd€g. 5.59), spheroid with nosotating helical tail (see
Fig. 5.90), and spheroid with helical tail, which is rotating with the angular velocity.af
(seeFig. 5.5¢). Second, the prolate spheroid is replaced with a bodyre&mlineeprofile
with respect to pointeénds on both sides, which was suggested by Bourot (18%#p
have less viscous resistance in contrast with a perfect sphere of same Yallsoneee
Hinojosa and Martel (2005)Similar to the study carried bdior prolate spheroid, CFD
simulationsare conductedor isolated streamlined bodgdeFig. 5.5d), streamlined body
with nonrotating tail 6eeFig. 5.5¢), and streamlined body with rotating taske€Fig. 5.5f).

In all cases, the sheaxis of the studied body is equal to ttaliusof the perfect sphere
presented irFig. 5.4 Furthermore, dtailed information on the geometry of the latter body
can be found in (Bourot, 1974).

The boundary conditions on both gedrres are exactly the same as that imposed on
the spherical body. The mesh quality, i.e. maximum element size, is also identical that of
the simulations conducted with spherical body.

The average forward and maximum lateral resistance force values feshaithout
a helical tail are directly calculated with the Claibdel as presented in Talile3, andlater
used to single out the effect of rotating and -notating helical tails, respectively, by
carrying out CFD simulations with boundary conditions pne=g with Eqg. (5.3)5.5). The
thin black streamlines surrounding the bodies without helical tail, which are calculated at

time t = 1.275, are presented iRigs. 5.5a,d depicting the flow field onxz-plane;
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streamlines separate from the surface of the body towards thduentb the boundary
conditions.

It is observed irFigs. 5.90,e, which illustrate the streamlines around the body with
an attached norotating rigid tail, that under the influence of tladl the streamline density
further decreases near the revolute joint at the back of the body. Hence, the forward and
lateral drag values slightly decrease while rotational resistance remains unchanged (see
Table5.3).

Figures5.5¢,f , however, clearhdemonstrate that the rotation of the tail disturbs the
flow field around the body compressing the streamlines towards the body regardless of its
shape and profile. Increiag spatial density in streamlingmints out theadditional shear
actingon the bodyon the direction opposite to the propulsion, while decreasing the lateral

drag of the body by assisting its instantaneous lateral translation (see&sT3ble

5.3.End-Effects on Helical Tail

The resistive force theory approach is viable to calculate the drag force per unit
length on a deformed slender body, which is carrying out creeping motion while fully
submerged in a viscous fluid. Thus, in the following study, corresponding local force
dstribution on the swi mmerds r ot axyaforags hel i c
computed by CFBmodel in channel frame onto the local FreSetret coordinates
signified astnb (see Fig. 5.6 and Appendix 5) with local tangenttalnormal,n, and
binormal,b, vectors (Hanson and Ma, 1994; Hanson and Ma, 1995) and given by:

Op =[N Dy f) (5.1)

where U signifies the total stress on the tail surface exerted by the surrounding flow field
(Landau and Lifshitz, 2005b), whereas total local velocity vector is calculated with the help
of Eq. (5.2) as:
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Unp =t 1 b Uy (5.2)

Figureb5.5: Effect of tail rotation on the flow fieldwith different body geometriearound
a prolatespheroid é-c) and the body with streamlined profile as suggested by Bou
(1974) @-f) depicted by thin black streamlines xytplane: singléody(a-d); body with
nonrotating helical tailb-e);body and hel i cal gaadivd,,
respectivelyc-f).

Figure5.6: Local FrenetSerret framestib) on helical tailand swimmeframe kyz).
Normal direction is perpendicular to the long axis,x-axis, of the helix, tangent directi
has nax-component except for the converging end, and the binormal direction coin
with x-axis.
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Simple resistive force calculatiomsised orthe linear relationshif; = ¢U; with j =
{t,n,b} (Gray and Hancock, 195%e carried out in order to predict the force distribution
per unit length on the helix to singteit the additional hydrodynamic effects rendered by
full Navier-Stokes solutions in CHInodel. Local tangential, normal and binormal fluid
resistance forces exerted per unit length of the helical ta# 4t975 s are presentedRig.

5.7. The linearrelationship constants are determined viavieg) the inverse problem of

Osuitabl e coefficient t:dhe fonceecdefficentc tbeteeeh o c a |

local tangential velocity and local tangential fluid resistaisce30 (sed-ig. 5.7a), whereas

constantsc, and ¢, are determined to be 730 by visual inspection as depictéidsn5. 7b-

C.
The effect of converging end is predicted faingll; however, bodytail interaction is

evident on binormal resistance force plots as givdfign5s.7c. Furthermore, the local jump

in the normal drag force depictedking. 5.7b arises due to the discontinuity caused by the
local ramp functionembedded in the local wave amplitude functi@n the other hand,
endeffects on the trailinggdge are not fully resolved by resistiface-theory approach as
observed irFig. 5.7, which suggests that the fluid resistance near the free end is partially
dependent on the local surface velocity, and that the flow @elding out at the back of

the swimmeiis also introducing additional drag near the free end of the helix.
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compared with—g,U,(x) (C), att=1.975 s.

In effect, resistivdorce-theory approdt predicts the lateral drag force at the middle
section of the finitdength tail where fluid resistance occurs solely due to surface velocity
as also portrayed throughforce andz-force distribution inFig. 5.8. However, presence of
a spherical body aftes local lateral force distribution on the converging end within its 5
per cent in length as depictedfig. 5.8.

Furthermore, eneffects are evident near the freed of the helix. Results also
imply that if the tail was infinite in length than thetrlateral force would vanish leading to
zero lateral motion, thus, resistit@rce-theory would be sufficient as earlier discussed by
Johnson (1980). It is noted thiéelinear relation coefficients used to predict the local force
values per unit lengtim lateral drections as presented in Fig.8 are determined &g = c;,

= 650by solving the inverse problem.
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Local fluid resistive force coefficients insofar presented in literature are analytically

derived for infinite length filaments based on Stokesian flow conditions and strongly

depend on the wave geometry (Lighthill B3Gray and Hancock 1977). Talilel presents

a comparison on local resistive force coefficients based on ther@dde| presented here
and the ones calculated from literature. It is noted that, binormal resistive force coefficients
are equal to the normagsistive force coefficients; a condition subject to the symmetry of

the local flow field around the helical tail, which is no longer applicable with presence of a

nearby solid boundary (Brenmand Winef 1977

Table5.1: Resistive force coefficient (RFC) comparison

RFC source

(G G G

Gray and Hancock (1977)

{226,332,332}

Johnson and Brokaw (1979)

(251,452,452}

Lighthill (SBT-based set) (1976)

(538,781,781}

Lighthill (sub-optimal set) (1976)

(522,737,737}

CFD-based coefficient set (FiguBe8)

{530,730,730}
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5.4.The Pump-Effect of Helical Wave Propagation

A rotating but otherwise anchored helical tail submerged in viscous fluids would act
as a pumpRaz and Avron, 2007; Tabak and Yesilyl#008; Koz and Yesilyurt2008).
However, if the anchoring force is released, the momentum exerted on the surrounding
viscous domain via tail rotation is transformed into net thrust partidllyotating rigid
helix would translate forward with the negative of the wave propagat@ocity if
completely embedded in a solid. Howeveiyenp the fact that the wave propagation
velocity is simply bigger than the forward propulsion velocity, rotating tail would propel
itself while keep pushing the flow on the opposite direction. Thusrteehanical energy
transferred into the surrounding fluid is dissipated simultaneously by the hydrodynamic
drag on the entire surface of moving swimmer and bybdwflow driven by the pump
effect of the tail in the direction of wave propagati{afso se Fig. 5.3a)

Swimming robot moves mainly with the hydrodynamic force acting in the normal
directions of the rotating helical tail 6s
pushed by the rotating boundary; however, the velocity of the -thaek decreases
drastically away from the surface of the helical tail due to excessive shear loss. Hence, the
swimmer is not pushed by the inertial effects of the backflow; however, the induced
pressure force constitutes the half of the binormal force acting dmetioal tail (see Figs.
5.7c and 5.9d). Furthermore, rotation of the backflow is due to the tangential component of
the fluid resistance acting on the helical tail. In effduog pumpeffect is a direct result of
the rotation of helical tail andalso,is responsible for the discrepancy between analytical
and numerical fluid resistance calculations in forward and lateral directions carried out for
the towed body.

Body and helical tail of the swimming robot undergo ripmtly rdations separately,
inducing consecutiverotational flow fieldsdue to the neslip condition of theentire
swimmer surface. Theghstinct counter ratting forward and backward flow fieldsnerge

interacting with one anotheBased onthe hydrodynamic interaction between these flow
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fields and theamplified normal stress in the long axis of the tdilid resistance on
swi mmer 0 s aibaredcpupledHeance,tthe #ective fluid resistanceacting on the

s wi mme r O0sassdriatedwitlthe surroundingflow field, which is pertubed by the
rotating tail.lt is observed that the resistance on the body differs from analytical predictions
under the influence of the rotating tail, and the modified resistance valuely gieaénd

on the wave geometry.

Pressure field induced by the swne r rotating helicaltail is depicted in Fig5.9:
high and low pressure zones are wrapped around the tail with a matching prelftalas
illustrated in Fig5.9a; however, it is observed that these pressure fields do rempsirate
s wi mmer @wucorbeaalaysudden halt right at the back of it. Isosurfaces portrayed in
Fig. 5.9a show that the pressure zones symmetrically circle the helix. Figugesi
demonstrate the pressure force distribution per unit lengthich is computed by
integratingthe dimensionless static pressure on the tail surface over its circumference with
respect to its surface normal comporsenmin local FrenetSerret coordinates.

It is alsodemonstrated that the induced pressprénas no contribution to the fluid
resisance along the local tangential direction the tail surfacg¢see Fig 5.9), whie a
pressure build up, thus the amplified normal straksg thex-axis is numerically
confirmed in the binormal dection (see Fig 5.9c-d). Moreover, engffects induce
additional pressure force per unit length along the binormal and normal directions near free
tip of the helix as depicted in Fg5.9c-d, while normal pressure distribution has a local
jump owing to the discontinuity of spatial ramp marking the convergndj It is noted that
half of the fluid resistance on the local normal and binormal directions are due toreress
force as presented in Fd.7b-c and Fig. 5.9¢c-d.
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directions, resolved at= 1.975 s.

5.4.1 Vortex Formation

The flow field around the swimmer is induced doethe rigidbody rotations of the
tail and the body. The fluid around the body (see Fig. 5.10a) is forced to rotate due to no
slip boundary conditions. Resultant tangential flow diminishes in radial direction due to
viscous loss. Simildy, a tangentialflow is wrapped around the helical tail. Flow field
around the clockwise rotating swimmer body has a magnitude of 0.0125 ¢sdighh

isosurface in Fig. 5.H). The counterclockwise rotating tail invokes an enclosing flow field
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with a matching helical prfile 0.25 in magnitude (see the dark isosurface in Fig. 5.10a);

flow field around the tail is stronger because of the fact that the rotation rate of the

swi mmer6s body is small er than the rotation
Furthermore, the rotation of the helidail induces a rotating axial flow, which is

trapped next to the long axis of the tail in radial direction. Given the wave velocity,

M /2= 0, is bigger compared to the forward swiM, =0.04, the rotating tail

actuallypushes the viscous fluid in the direction of wave propagatsoalready depicted in
Fig. 5.3a. This highly localized stream running down the long axis of the tail Esge
5.109) is also a rotational flow field due to the no slip boundary conditiom®sed on the
tail. In comparison with the abruptly diminishingcomponentthe tangential component
of the flow field dies out behind the helical tail given that the influence of the-Ibiggly
rotation dissipateslower withviscous effects (seféig. 5.10a).

Gradient of the local flow field has the highest value along the circumference of the
forced vortex and the tangential flow component completely diminishes at the center where
x-velocity attains its largest value, therefore leading to the clockwise rotation of the stream
presented ifrig. 5.10aFigure 5.10b illustrates the flefield induced by the rotating tail as
slices of normalized arrows at six different locations alrrexis on deformed tail. Each
slice is evenly spaced and depicts the flow field in a local circular zone with a non
rotational center on thgz-plane.Further inspection of these nootational centers reveals
that the circulating jet coincides with a forceartex, which is forming as a mirror image to
the crosssection of the helical tail with respect to its long axis as demonstratEay.in
5.1.

The forced vortex formation observed in CFD solutions confirms the flow field
results presented by i g h t (h998) lbasexd on Stokeslet analysis on a helical tail, in
which he also concluded that the torque exerted on the fluid leads to vortex formation
located close to the tail and perpendicular to its long axis. Lighthill demonstrated that the
induced field shold change its direction of flow on the plane perpendicular to the long axis
near the center of the helical tail. Furthermore, he argued that the induced force field, which
is signified by Stokeslets, manifests localized flow fields in the direction of wave
propagati on. However, Lighthillds analysis

being towed.
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Rotating stream

Dissipating tangential
flow field

Forced vortex

Figure5.10:Inducedtangentialvelocity fields around the swimmerangentialcomponen
of the velocity fi el dbodywihiletwo sepaaie mtwtioma
fields emerge around the tédl); velocity fields onyz-plane with visible forcediortex

patterns located at= {0.25:0.33:2.25}with respect to center of mass located at the
revolute joint(b). Normalized arrows signjflocal flow field with forced vortex at the

center. Both figures demonstrate the instantat.275 s.

The rotational flow field demonstrated kig. 5.10a dies out behind the helical tail

and its magitude is demonstrated in Fi§.11in terms of thex-vorticity strength,|w, |, at

the back of the rotating helical tailith respect tqparameterized wave geometry, i.e. total

number of wavesN, , and wave amplitudeB,, solved with identical meshing of €) and

with the same boundary conditions used in the base CFD simuldtmal number of
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waves on helical tail, and helical wave amplitudes studied\gre { 2, 2.1, 2.25, 2.5, 2.75,

3, 3.1, 3.25, 3.5, 3.6, 3.75@nd B,= { 0.0125, 0025, 0.05, 0.075, 0.1, 0.125, 0.15 },
respectively. Figur&.11a shows that the magnitude odvorticity increases linearly with
increasing wave numbeN, whereas in Fig5.11b it is observed thax-vorticity has a
nonlinearrelationship with wave amplitude. In general, strength of the rotational field
increases as the helical tail converges to a rotating hollow cylinder with incredsing,
(see Fig.5.11a) and as the tangential velocity of the freel &f the rotating helixi.e.

YwiBo, iNncreases (see Fi§.11b). It is noted that latter effect is proved to be dominant on
the induced flow field at the back of the talil.

a I ‘ ‘ b fo)
05 - N L.
Bo=0.1 N=3
a -\ \
_ s © ©o0o o 90 © : )
3 03¢ oo -0 : ‘ : i
: o
02t : :
o
0.1r ; : : : 1 t02
‘ . i i i ‘ . i ‘ . i i i ‘
175 2 225 25 275 3 325 35 375 40 0.025 005 0075 01 0125 015 0175
Ny B,

Figure5.11:Variations in the strength of thecomponent of the vorticity with respect
parameterized wave geometN; dependence of the strength of theorticity (a), B,

dependence of the strength of #yeorticity (b). Vorticity values are obtained aty,2) =
(2.35,0,0with respect to center of mass located at the revolute janon thesjected
rotating flow field illustrated irFigure5.10a.

5.4.2.Hydrodynamic Interaction between Body and Tail

Resultsindicate that the lbdy-drag is affected greatlpy the pumpeffect which
perturbs the surrounding flow field inducég therotating helical tail and thewimming
action of the micro robot. Figure5.12 depicts the effect of tail rotatiorevealing the
S Wi

hydrodynamicinteraction(H | ) bet ween

t he

mmi n gtatimgdaldwith 6 s

help of surrounding fl ow
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time dependent velocity vectdf, which is obtained from the CFBodel and given b¥ig.
5.1, isimposedn the surface of thgpherical bodyvithout a tal attached to iti.e. Ux,body=
Uxbody = V (also see Eq. (3.7)Resultant streamline profile resolvedtat 1.975 s exhibits
a spherical object moving inside a viscous domain Fsges.12a) andx-component of the
consequential flow field completelgncapsulates the body with a profdé spheroid(see
Fig.5.123).

Furthermore, the flow field extends in positixedirection with an attached but non
rotating helical tail (se€ig. 5.120) and the corresponding bodyag is reasonably smaller
than thatof the single body (see Talbe?) due to separation effect observed-ig. 5.12b.

The shape of the flow field depicted in Fig. 5.12b is irregular due to instantanecasenoon
lateral velocity.lt is noted that boundary conditions on the helical tairesented irFig.
5.12b are set ably,il = Ux,tail = V, Similar to Eq. (3.8) without the tail rotation

However, an additional flow field arises compressed against the spherical body with
presence of a rotating helical tail (seigy. 5.12), on which theboundary conditions are
given adJy,uil = Usitail = V + ¥iai x P, which is the same as Eq. (3.8)

The spatial compressioabserved in Figh.12c is, in effect, a substantial increase in
the velocity gradient leading to higher opposing viscous friction in the vicinity due to the
pumpeffect thus leading to amplified effective fluid resistance in thdirection (see
Table5.2).

Moreover, presence of the rotating helical tail behind the body redsdateral fluid
resistance as an additional outcome of the peffgct. The flow driven by the purmgifect
contributes to the instantaneous lateral thrust of the swimming robotzétonlateral
forces occur owing to the geometric impurity introduced by the ramp function in local
amplitude function simultaneously combined with the local bdlyinteraction on the tall
(De la Torre and Bloomfield1977; Johnson, 1980). Figure 5.13numnstrates the
streamlines at the back of the spherical body=a1.025 while they-velocity Vy Is 0.0143

in positivey-direction: the flow in the positivg-direction at the back imposes additional
shear stress on the spherical body, which is already moving with a pgsitalecity (see
Fig. 5.13).
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Figure 512: Spatial compressiogffect of tail rotationon the flow fieldaround the body
depictedby t hr ee di mensi on alx-compansnigc)fobtainedwith
the swimming velocities presented in figure 2 imposed as boundary conditiolased
spherical bodya); spherical body with nemotating helical tai(b); spherical body ad

helical tail, which rotates withn,; (c). Thex-component of the rotational flow field
around the helix ind) is 0.036 in magnitude, whereas around the bodg-Iv) {s 0.02 in
magnitudelsosurfacesre captured dt= 1.975 s.

118



Figure 513: Effect of tail rotation on th&ateralflow field: depicted by thin black
streamlines ony-plane with the swimming velocities presented inufepb.1limposed as
boundary conditionsSpherical body antelical tail, which rotates witly ;. Streamline

profiles are captured &t 1.025 s while instantaneoysselocity of the swimmer is 0.01-
in positivey-direction.

5.4.2.1.Normal stressacting on the body

In order to inspct the pumgeffect further,the CFD analysiss extended to include
comparisons omhe normal force componengégting on the front and back hemispherical
surfacesof the bodywith respect to parameterizedave length and wave amplitude.
Simulations are conducted on the spherical body with the helical tail, which has varying
wave numbers and amplitudes Nf = { 2, 2.1, 2.25, 2.5, 2.75, 3,1, 3.25, 3.5, 3.6, 3.75 }

and B, ={0.0125, 0.025, 0.05, 0.075, 0.1, 0.125, 0.1Eekectively.

Effect of parameterized wave geometry is presented in comparison with an isolated
spherical body undergoing rigiabdy translationand rotations identical to that ofelibase
case CFBmodel resultsFigure5.14a demonstrates that the increased normal stress due to

pumpeffect has small sensitivity twave numbersN, , ranging between 1.75 to #he

time-average x-force Fy a,gon the hemispherical surface at the back is at least twice as big

as thex-force exerted at the front, and 2.53 times bigger than that exerted on both
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hemispherical surfacesf an isolated sphere with computed fefose swimming velocity
vector of the base case desigmposed as velocity boundary conditions. Furthermtire,

nonlinear relation betweem, and maximum instantaneous lateral forégy ;max is
demonstrated irfrig. 5.14b: with wave numbers including half waves, iN, = {1.5, 2.5,
3.5,¢é}, the |l ateral fluid resistancB=on the

2.5 and as large as 4.24 times that exerted on the Hesnicg surfaces of an isolated

sphere, and dips to local minima with full waves, Ng.= { 1, 2, 3, ¢é1}. Howeyv
resistance at the front surface attains its minimum with wave numbers eqNakt¢1.1,
2.1, 3andiclimég to local maxima with, = { 1. 6, 2. 6, 3.6, ¢é1}. y

time-averaged hydrodynamictorque Ty avg €Xerted on the surface of the spherical body
due to body rotation  ghas a fairly symmetrical distribution at front and back
hemispherical surfaces, close to that exerted on the isolated sphere preséige8.iric,
l.e. amplified with 1.15This result implies that the rotational flow fields induced by the
rotating hel c a | tail do exert but fairly insignifi
body as opposed to the amplification due to additional normal and shear stress.

Figure 5.14d depicts the timeaveragedx-force, Fyag acting on the hemispherical

surfaces wth varying wave amplitudeB . The fluid resistance on both hemispherical

surfaces increase linearly with increasing amplituaevever the amplification at the back

is higher, e.g. wave amplitude & = 0.1 causes forward resistaraenost three times that

exerted on the hemispherical surfaces of an isolated spherical Gaxdyng amplitude has
a similar effect on lateral forcéy 3 max the amplification at the back is slightly higher

howeve, smaler than the increase ifyav i.€. wave amplitude d8 = 0.1 causes lateral

translation to increase 1.5 times that of the isolated sphere moving with velocity vector
calculatedby thebase cas€FD-model(seeFig. 5.14e). Akin to the wave number results,
the amplification in thetime-averaged hydrodynamic torquB.ag acting against the
rotation , as fairly closeat the front and back of the bgdgowever have a nonlinear

relationship with varying wave amplitudseeFig. 5.14).
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Figure5.14:Relation between the helical wave geometry and the total fluid force ex
on fore and back hemisphee o f s wi mme r ®sthes-forbeemth respett tc
N, (a);on the lateral forces with respect kg, (b); on thex-torquewith respect toN, (c);

on thex-forcewith respect toB_ (d); on thelateral forcesvith respect toB, (€); onx-
torquewith respect toB, (f).

To conclude, it is observed that the fluid resistancg-aris has greater sensitivity to

varying wave amplitude, whereas the effect of total number of waves on the helical tail is

more important for lateral fluid foes acting on the bodys the wave amplitude increases

the additional normal stress acting at the back of the body due to thegstenpincreases;

however, changing the wave length has a minor effect. On the other hand, as the total

number of waves on éntail varies, the magnitude of the lateral shear on the body attains

local minima and maxima with it. Furthermore, the additional shear effect on the lateral

translation increases with increasing amplitude because of the increased velocity of the

backflow. Finally, one may deduce from the relatively small amplification on the

rotational fluid resistance that pure rotation of the flow field has a less significant effect on

overall body resistance. However, the latter observation will be proven incortiet mext

section.
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5.4.2.2 Hydrodynamic interaction in body r esistancecalculations

Effective bodydrag forces are modified with correspondingddlefficients based on
the following comparative analysis based on CFD reswits analytical drag formulae,
and correspondingesults are presented in Talle2 and Table5.3; for spherical body,
prolate spheroid and streamlined bpdgspectively, which arpresented in Fig 5.4 and
5.5. The amplitudes of the hydrodynamic interaction, Tg. for rigid-body translation and
Ygforrigd-body rotation of the swi mmerds body, a
stress integral obtained by CHDodel solutions to the viscous sphere drag formulae

presented in literate as follows:

I:j,avg/DT ,jVj ,avg <= j=X

Ty . = . ,
Tl Fjmax/Dr jVj max < 1= ¥.Z

(5.3)

and
TR, j=Tjavg/PRr,2j avg (54)

where Fjis the normal fluid force on an arbitrajyaxis obtained by integrating total

hydrodynamic stresses over entire body surface in that direction, subscripts avg and max
signify the timeaveraged and maximum values, respectively. Simildrjy,gdenotes the
time-averaged viscous or que exerted on the swimmer 6s b

Here, Dr j and Dg j are given assneR,qqy and87r83§0dy, respectively, for an isolated

perfect sphere in annbounded fluid regardless of the axis of translation and rotation
(Happel and Brenngl 965).

Nonetheless, a simple amplitude ratio giventlwy above equatioris inadequate to
predict the instantaneous lateral fluid resistance on the spherical bodi disetime

dependent interaction with the rotating helical tail via induced flow field around the
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swimmer. Figire5.15 demonstrates that there exists a constant plsifiebetween lateral

drag forces calculated with literatubasedDy ¢, ; formulae and the ones resolved by the

CFD-model, which found by integrating the total fluid force along lateral directions over
entire surface of the spherical body. The pksisé, in fact, is between the lateral
swimming velocities and lateral drag ¢es.

The conventional diagonal drdgrce matrix which is signifying the linear
relationship between the velocity vector and corresponding fluid resistance for an
axisymmetric particle undergoing riglibdy translations while solely rotating around its

symmetry axis is:

eDr x o
. é u
@(Fbody)Eﬁl geé DT,y aVv
e & ¢ ay (55)
(5 Tbodyx He DT,z @ X
& Drx

In this study, the resistance matrix in E5.5] is modified in order to compensate for
the Hl-effectin time-domain, and noszero offdiagonal terms are introduced to couple the

lateralforces with lateral velocities of the swimmer as follows:

Dr xYTr1 x 0 0 0
’(Fbody(¢))3><l | 0 DryTr,yC0s6) Dyl 1 ysing ) 0 V] 8
Tbody, X a 0 —Dr ;Y1 ;sin@) Dt X 1 £0sb ) 0 X

0 0 0 Dr T R

where the phasangle o, for the sphecal body is obtained from Fi$.15by solving the
inverse problem of phasshift. The forwardmotion in Eq. $.6) doesnot require phase
angle correction because thenplified normalforce at the back of the body is a steady
effect due to continuous rotation of the helical tail. Similarly, the hydrodynamic torque
acting on the body is a constanacgon to continuous body and tail rotatiansopposite
directions

Furthermore, the direction of amplification yz-planeis time dependent as depicted

in Fig. 5.15. Hence the phase angle, although not a function of time itself, stands for the
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tmedependent hydrodynamic interaction -bet wee

dependent lateral fluid resistance on the body, which is actually analogous to the complex

impedance in RLC circuits.
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Figure5.15:Comparison omhe performance afnmodified and modified resistance
matriceswith CFD resultsy-drag exerted on bodw); z-drag exerted on the bodl).
Constant phase shift between lateral velocities and lateral forces demand a mod
resistance approach: conventional drag matrixdn®.8) cannot predict instantaneou
vi scous force exer t odever,mevisethdrag mairix mBe g (
provides significantly improved results.

Table5.2: Hydrodynamic interactiofHl) coefficients for the spherical body.

Scenario Fluid-Drag
Single sphere {rsphere_y o, Y. SPhere_ g 92,
(Fig 5.4a) T Tind :

TSR?Qerezl_OQ (bsphere = 0}
Sphere with norotating helical tail {Tip)f(lerezo_gg, Y Sphere_ g g5

(Fig 5.4b) T{v3

TSR?QereZI.OO, (bsphere = 0}
Sphee with rotating helical tail {rsphere_p 24, TTS{phe;}re: 0.51,
(Fig 5.4c) ! L

TPrere=1.09,p5P"ere = 117
2 Subject to domain meshing and numerical solution tolerance 6f 10
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Table5.3: Force calculations faelongated and streamlined bodies

Scenario Fluid-Drag
Sinagle prolate spheroid __ spheroid__ spheroid_
S%he$oid {Fohvg 09=47.1, F{y,%,max =25, Ty hg" % 215.5°
(Fig5.59)
Single X
streamlined {Fxl?g\llgot,1974:42'6, F{I;o;rrgg(gmz 20.3, Txl?g\tlgot,1974: 167.€
body (Fig5.5d)
i spheroid spheroid __ spheroid spheroid _
Pl’ovlvail:ﬁ rslggemld {FX-QVQ / I:x,alc\)/gno tail =0.97, I:{y, g,max /F{ y gmax, notail 0.99
rotating tail Txﬁ'gCg“"d / Txi%e;:g?an =1.00F
(Fig 5.50)

Streamlined Bouro
t1974 = Bourot1974 __ Bourot, 1974 Bourot, 1974 _
body with non {Favg / I:x.avgnotail =0.88, I:{y, #,max /F{ y $max, notail_ 0.95

rotating tail T,oQuot1o74) TXB;)\IIJE;%?;;‘ =1.00}d
(Fig 5.5) ’
Prolate spheroid spheroid spheroid __ spheroid spheroid _
with rotatliong tail {Fx,avg / I:x,avg,notail _1'89' I:{y, 2, max /F{ y ¥max, notail 0.43
. heroid heroid
(Fig 5.50) Ty Txaugrotai = 1-04F
Streamlined Bourot1974; - Bourot1974 Bourot, 1974/ Bourot 1974
body with {Fx,g\%m / Fx,;)\:lgr?wotail :1'69’ F{y,ozl}J,rI%éX /F{ yoij;?a'x, no tail— 0.49
i i B 1974 /1B 1974 __ f
rotating tail TovgoH974/ Tx,gyéj’% o =1.02

(Fig 5.5

aPgybject to meshing and numerical solution tolerance 6f 10
¢ Determined with respect to the force solutions presentet.in (
4" Determined with respect to the force solutions presented.in (

Numerical results show that the effective fluid resistafgg,y due to forward

velocity V, varies linearly withN, (seeFig. 5.16a). Moreover, theHlI-coefficient for

forward swim, Tt , should converge to a limiting value as the rotating helical tail

converges to a@otating hollow cylinder with increasing\, , after which the all thrust and

pump-effect will diminish completelyThe amplitude of the lateral Ftoefficient Ty 3

reaches local maxima withl, = { 1. 25, 2. 25, 3.25,¢é} Namnd

{1,

2 ,seeBig. 8.16b). The main reason for this behavior is incomplete waves: with

full waves, theVy 3 components of the swimming velocity are small, thus the body does

{

125

di

P



interact with the induced flow field minimally. On the other hand, incomplete waves induce
lateral thrust and swimmer body moves sideways leading to further interaction with the
surrounding flow field. A similar local minima and maxima relation is obsebatd/een

Trxand N, . However the variations are negligible and the overall relation can be

practically deemed as linear; however, inversely proportional to vamyings presented in

Fig.5.16c.
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Figure5.16:Relation between the hydrodynamic interaction coefficieamsplitude of the
HI) and the helical wave geometry: on the forward translation with respétt (a); on the

lateral translation with respect #d, (b); on x-rotationwith respect toN, (c); on the
forward translation with respect ®_(d); on thelateral translationith respect toB, (e);
on x-rotationwith respect toB, (f).

The relationship betweelfit x and wave amplitude is linear meaning that the normal

stress acting on the hemispherical surface at the back of the body increases with increasing

B, , akin to increasingN, (seeFig. 5.16¢. The amplitude of lateral Htoefficient,
T4y 3, varies linearly with wave amplitude; however, the amplification effect is low (see
Fig. 5.16¢. Lastly, the relationship betweéfir yand amplitude is inversely proportional:

as the wave amplitude increases, the rotational field induced by the helical tail widens
following the tail geometry, but dissipates towards its long a#iere the revolute joint is

placed. Hence, the body is less affected by the tangential component of the flow #&ld as
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increases witHl'g yconverging to 1. It is observed that the amplitude ofcbifficients

more sensitive to total number of waves, except for hydrodynamic torquEi¢gsée16).
The basecaseCFD simulationc o mp ut e s  a-shift.fot the helipahtail svigh

N, = 3 andB = 0.1. Phas@ngle dips to local minima with presence of wave with lengths
shorter than halivave on the tail, i.e. including quarter of a wavelength sucN as {1.25,

2253.25,é} to be ex thephasearigle ¢ acoincices with tha local f

maxima of Tty 3 in Fig. 5.160. Phaseshift reaches to local maxima with the presence of
half waves suchabl,= { 1. 5, 2.5, 3.5,€e} wherk,k0i nci de

on the hemispherical surface to the back (§ge5.14).
It is deduced that the change in phakdt affects the amplitude of the latetdl-

coefficient with varying\, due to the instantaneous lateral translation overlapping with the

instantaneous downstream due to the pafi@ct of rotating tail Given that lateral

translation velocity\/{y 3 isno longer in tandem in the same direction with the additional

flow induced by theh e | i c a l t tne totad lateral ftuid eesistanca increases\gt=

{1. 25, 2. 25 ,Fig.3».172)5 Sindilarly, (he eftective lateral fluid resistance
decreases when the instantaneous lateral translational velocity and the stream driven by the

pumpeffect counteract minimally witiN, = {1, 2, 3s5.14bayd5.My.ee Fi g
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Figure5.17: Effect of wave geometry on hydrodynamic interaction coeffis€phase of
the HI) and the helical wave geometry:tbe drag of the spherical body with attached
rotating helical tailwith respect to total number of waves on heliedl tN, (a); with

respect to wave amplitud@_ (b).
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Additionally, the phasangle¢ , varies linearly with the wave amplitudB, , as

presented in Figs.17. The sensitivity of the phasagle to the helical wave amplitude is

considerably small; hence the change in prssf is monotonic with respect t8 .

Figure5.170 also implies that the phaa@gle has a minimum greater thamo® a rotating

helical tail with N, = 3 regardless of the wave amplitugle, except forB, = 0.

5.5.Conclusions

CFD simulationsare carried outin order to study the four degrees of freedom
mobility of an untethered micro swimmer. The micro swimmer is composed of a spherical
body with a helical tail and fully submerged in a viscous dongawverned by full time
dependent NavieBtokes equations subject to contiguiMesh deformation due to tail
rotation and rigiebody swimmer translation, with respect to bounding stationary channel
walls, inlet, and outlet, is handled by arbitrdrggrangiarEulerian method. Rigid body
translations and body rotation rate of the rawier are computed by means of fofose
and torquefree swimming constraints imposed on the swimmer surface. Velocity vector
required to satisfy forcéee and torqudree swimming action is obtained by setting the
hydrodynamic force and torque integrasoover entire swimmer surface to be equal to O at
each time step during CFD simulations.

Three distinctive physical phenomena related to the pefiget are observed in
detail: Vortex formation on the long axis of the swimmer, which is presented with flow
field plots, additional nor mal stress on th
on the hemispherical surface at the front and back of a spherical body, and amplitude and
the phasengle of the hydrodynamic interaction (HI) coefficients areouhiced and
guantified with respect to parameterized wave geomaAteries of numerical experiments

with the CFDmodelare carried out in order to stutlye effect of body geometry and wave
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geometry on the additional flow fig$ driven by the pumpffect.It is concluded that the
wave geometry has a superior impact on the peffgct.

The vortex formation arises under the influence of Hgidly rotation of the helical
tail: tail exerts a continuous torque on the flow it is rotating around. Furthermdreaans
of backflow is induced by the same rotation. Since the propulsion velocity is smaller than
the wave propagation velocity, a backfl ow i
mass (Lighthill, 1996). This backflow rotates with the tail and ishpdsout at the back of
the swimmer where it dissipates due to excessive viscous dissipation.

Qualitative studies arearried out orthe effect of body geometry on the induced flow
field with a perfect sphere, a prolate spheroid and a streamlined bodys&dygg Bourot
(1974), separately under identical boundary conditions imposed on the their surface. Both
elongated bodies have sharte mi axes identical ftisobsehvedt of t
that, presence of a nerotating helical tail decreasehe resistance to the forward and
lateral translations in comparison with isolated prekkeroid and streamlined body,
while the rotational resistance remaining constant. However, as the tail rotetes
streamline density increase towards the body.sTphenomenon leads to extra
hydrodynamic resianceactingon thes wi mmigodydnsforward and lateral directions
Furthermore, analysis is expanded to include quantitative stuthedfydrodynamic force
and torque valuegctingon the hemispherical sades at the front and back of the spherical
body with rotating helical tail in comparison with force and torque vahet®g on an
isolated sphere. It isonfirmed that the rotating helical tail induces extra normal stress at
the back of the spherical bpd

Thehydrodynamic interaction between the sV
is quantified with the CFBmodel It is established that the diagonal drag matrix, which is
conventionally used in order to calculate the viscous resistance on an axisgniody is
not adequate to predict the instantaneous lateral fluid resistance exerted with the presence
of a second rotating body of helical geometry. Therefore, a modified resistance isatrix
introducedwith nonzero oftdiagonal elements in order taeglict the lateral resistance
acingonhe swi mmer 6s body awodydrodyhamic ymteractron (Hf) h e r mo
coefficients, i.e. resistance amplitude and pkasgle of cross interaction in lateral

directions are hypnotized and numerically confiech The amplitude is obtained simply by
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theratioof CFBbased fluid resistance acting-on swi
drag predictions. On the other hand, the pfasge is calculated solving the inverse
problem of phasshift between instantaous lateral force and velocity vectors

Finally, a quantitative study is carried out time relationship between Hloefficients

and the wave geometry, i.e. geometry of the rotating helical tail. Amplitude of the forward

Hl-coefficient, Yt ,, increase linearly with increasing total number of wawgs, and with

increasing wave amplitud&, . Amplitude of the lateral Htoefficient, Y1y 3, has a

nonlinear relationship with total number of wave length on the helical Ngit, Y1y 3

attains local maxima witiN,= { 1. 25, 2. 25, 3.25,¢e} ,Nand di |
{1, 2, 3, e JTyyy; hoeases éneamonotonically with increasing wave
amplitudeB . The amplitude of rotationdtll-coefficient, T y, varies nearly linearly, i.e.
nonlinearly with a very low sensitivity, with varyin§{, ; however, increases with a

nonlinear dependence on increasig. It is observed that total number of waveés, ,

play an important role in translational fluid resistance, whereas the hydrodynamic torque
acting against rigikbody rotations is more sensitive to wave amplitude.

The phasengle of the lateraHl-coefficientsg, has a nonlinear relationship with
total number of wavesp reaches local maxima with, = { 1. 5, 2.5, 3.5, ¢é}
local minima withN, = { 1. 25, 2.25, 3.25, é} . On the
relationship betwee’r, 3 andB_ with an especially low sensitivity to the change in

wave amplitude. Furthermore, it has been established that chanige phase angle,
affects the change fr;y, 3 by means of increase or decrease in effective instantaneous

| ater al resi stance to the translation on th

angle is greatly affected b\, ; however is mildly sensitive to the wave aniplde.
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6. VALIDATION OF THE REDUCED -ORDER HYDRODYNAMIC MODEL

In the surrogate model presented here, hydrodynamic forces on the tail are obtained
from local resistive force coefficients which are either calculated from analytical formulas
available in |iterature, such asedffonrothe Li ght
integration of the stress tensor in the flow field computed by @GR® simulation
experiment for a representative design with fixed values of the design variables such as
amplitude and wavelength of the helical waves.

Body resistance coeffientsare known for isolated objects such as spheroids in
unbounded fluid media: for example the resistance coefficigat/it)i =16 " Rgoayfor the
hydrodynamic forceF; acting on an isolated spherical object of radiusoving with
velocityUiinanunmunded f | ui d oifdirections and the résistanee isithe t h e
same for all directions. In the presence of an actuated tail attached to the spherical body,

hydrodynamic interaction(HI) coefficients, Y, , are used.Hl-coefficients scale the
resistance coefficient iran arbitraryi-direction individually, namelyF; / U; = T Y;

( 6 Rogay). Hydrodynamic interaction coefficients are different for each direction due to
rotation of the helical tailwhich breaks the symmetry of the flow over the spherical body,
and are calculated from the solution of the inverse problemaf@ixed representative
design.

The hydrodynamic model is validated with measurements of &aah (2001) for a
group of specig of micro organisms with varying body and tail dimensions, and with-three
dimensional timedependent CFD simulation experiments for swimmers with designs other
than the one used to obtain resistance coefficients. Furthermore, a validated hydrodynamic
modé allows to construct efficient geometric designs for desired operations with given

physical constraints such as consumable energy available to the system, as well as
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determining physical properties which are hard to measure physically such as resistive

force coefficients of a complex geometry in micro or nanoscales.

6.1.Validation with Go t ®ldssrvations on Natural Swimmers

Gotoet al (2001) presented measured forward velocity and body rotationfoates
various specimens oWibrio Alginolyticus whose dimensions and tail rotation rates vary

I ndi viduall y. Since the authors could not

n

used the body rotation rate as a constrain

element model (BEM) solun of the flow around the swimmer. Table 6.1 shows
geometric parameters of individual organisms; for all cases radius of the tail is 16 nm,

wavelength of the helical waves is 1.37 &m

Table6.1: Geometrc parameters of VA | g i n ospecimeénsoliserved by Gotet al

(2001).
. Body s-semt Body
_ Frequency | Tail Length ) )
Specimen axis, Rpodys g andr-semiaxes
(Hz) ( €)m
(em) Roody {q.1 (€M)

A 187.70 4.89 1.885 0.415
B 123.20 4.90 1.320 0.380
C 73.95 5.24 1.380 0.405
D 244.70 5.19 1.975 0.400
E 126.20 5.03 1.785 0.405
F 220.10 5.07 2.260 0.380
G 477.10 4.87 2.280 0.410

Time-averaged forward velocity and the bedyation rate of swimmers are

calculated from the hydrodynamic model and compared with the measurements et Goto
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al. (2001) in Fig.6.1 Based on the dimensions of swimmajisen in Table6.1, the

resistance coefficients of the body in theirection, Dy jand Dy, , which are used in the

resistancanat r i x of t h e are determimes fod ablique ephegroids as follows
(Berg,1993):

2
Drs=Tt1& a)ody,7/[ |[ﬁ%§?ﬁ]_ ], (6.

for forward velocity and
DR,s: T R §16/3’ E‘%ody, Sl%ody{ qE’ (6-2)

for rigid-body rotation along the symmetry axisetd Pbody{ sqp are the radii of the body

in the s, g andr-directions respectively, anti; ; are the coefficients, which are used to

specify the discrepancy of the body drags from the ideal case for isolated spheroids in
infinite media. As shown in Fig6.1, there is a significant discrepan®detween the
measurements and the model results when resistance coefficients of bodies are taken as the

ones for isolated objects in infinite medium, i.e. f6; g g =1the maximum error is

87% in the average forward velocity for specimen G, and 47.2% in therbtation rate
for specimen B.
From specimen Cthe interaction coefficients are found to Be ;=2.37and

Tr s=1.49 from the solutiorof the inverse problenAs shown in Fig6.1, the agreement

between the hydrodynamic model and measurements is very good for updated resistance
coefficients of the body: maximum error is 8.2% in the average forward velocity for
specimen G, and 6.5% in thedy rotation rate for specimen F. Correction factors, 2.37 and

1.49 for Dr 5 and DR  respectively, indicate that actual body resistance coefficients must

be larger than the ones for isolated spheroid objettsfinite medium. Despite that
specimens have different body and tail dimensions and tail rotation sztefable 6.1),

corrections obtained from a single specimen work very reasonably well for other specimens
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who are not too differeras well. Thus, once the resistance coefficients of the body are
obtained accurately, hydrodynamic model would perform sufficiently well in subsequent

design and control studies.
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Figure6.1: Comparisons on natural swimmers and hydrodynamic model refigtsne-

averaged forward velocity (aand angular velocity of the body (lwhich arebetween the

measurements reported by Getal. (2001) and the model for unmodified and correc
body dragsare presented.

It is reasonable to expect that hydrodynamic interactions between the body and the
tail would have an effect on the resistance force coefficients of the tail as well. In effect, the
linearity of the equation of motion, which consists of the fdree swimming condition
and the resistance relationship between the forces and velocities, allows that hydrodynamic
interactions can be included in the resistance matrix of only one component, either the body

or the tail. Furthermore, results of previous numerstatlies show that the total drag force

134



on the tail is not affected by the choice of body as much as the total drag force on the whole

swimmer is affected (Ramet al.,, 1993).

6.2. Estimation of Hydrodynamic Interaction Coefficients and Resistive Force
Coefficients from the CFD-model

Two sets of resistive force coefficients are used for tails in the hydrodynamic model:
the first set is by Lighthill (1976), i.e. SBBasedc:,, coefficients; and the second set is
obtained from the CFD simulation for a stationary swimmer with a rotating helical tail. The
helical radius (amplitude) of the tail is set to 0.1 and the wavelength to 2/3 as thmbase
design (see Tablg.1).

The resistive force coefficientsc, and ¢; computed from the basmse CFD
simulation are easily calculatedsa995.5 and 775.2, respectively, with the help of Eg.
(4.36).Arguably, the constant pair of force coefficients, which are obtained from the CFD
simulaton, incorporates realistic flow conditions such as the finite length and radius of the
tail and the trailingedge force due to the motion of the tip of the tail, which are not taken
into account in the derivation of the resistance coefficients from #maest body theory
(Lighthill, 1976). Furthermore, the resistiverée coefficients found from CFodel
differs from the resistive force coefficients presented in bi@, provided that the end
effects and bodyail interactions modifying the local resasice close to body are taken into
account in the latter calculations.

SBT-based resistive force coefficients presented by Lighthill (1976) vary with the
par ameter U, which is the ratio of the <cho

varies with the amplitude and wavelength. Figa shows the variation of the, / ¢ ratio

with respect to number of waves, and F¢gb shows the variation of the ratio with respect

to amplitude for helical tails and traveling plane waves. The considmf ratio for the

pair, which is obtain@ from the CFD simulation for the base case, is also shown on the
plots in Fig.6.2 For travelingplanewave tails, wavelength ver aged value of

of the chord length to apparent length, is used as it varies locally due to the converging end
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unlike the ratio for the helical tail, which remains constant independent of the local position

on the tail.
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Figure6.2 The ratio of thautilized resistive force coefficieni®btained fromL g h t
slenderbody-theory (1976)as a function of theumber of waves (a), and amplitude
for rotating rigid helica[RRH) tails and traveling plane wavéEPW).

Resistance coefficientfor the body are obtained from the wdhown drag
coefficients of spherical objects multiplied by translational and rotational hydrodynamic
interaction coefficients in th&" direction, Tt and Ty, respectively, andused as

diagonal factors in the body resistamestead of modified resistance matrix due to the fact

that timedependent swimming behavior is not inspected with this chalpfeies T35

Interaction coefficients account for the hydrodynami e f f e c t of the tai
the bodyds resistance coefficients, whi ch a
of the body. Offdiagonal elements of the body resistance matrices can be used to account
for more general interactions betweeeth di r ecti ons of bodyds moi
well-known Magnus effect, which is recently observed for micro particles at very low
Reynolds number&ipparoneet al, 2011) can be described as the force indhdirection

due to the motion of the body ithe s-direction and the rotation in thedirection in

136



swi mmer 6 s f r a.nvereooef, strictydiaganat foreneof the body resistance
matrix, which is considered here, can be viewed as the result of the diagonalization of a
general form that incldes all hydrodynamic interactions.

For helical propulsion, it is assumed that in addition to the interaction coefficient in

the swimming directionI??S'ica' Tail only a single translational resistance for the body in

lateral directions, i.eXyge® T — yyielical Tai

, IS necessary; and only one coefficient is

elical Tail

necessary for the rotation in the swimming directidig, 5 , as body rotations in other

directions are not calculated in the model for helical tails for simplicity.

Interaction coefficients for the spherical body of the free swimmer that corresponds to
the basecase representative design are calculated directly from the ratio of forces and
velocities obtained from the CFD simulation. Thaependent forward velocity ahe
swimmer is nearly constant varying within 0.6% of its average va®38. The net
hydrodynamic drag force in the swimming direction on the spherical body of swimmer is
obtained as 81.7, which corresponds to 2.28 times thekweiln drag force onpherical

objects. Therefore the interaction coefficient in the swimming direction is obtained as,

yrHelical Tal.CFD- 5 28, Similarly, the angular velocity of the swimmer is almost constant

varying within 0.2% of its timeveraged value, which isbtained as-0.4; the torque
exerted on the spherical body is 1.09 times its ‘metiwn value for spherical objects and

sets the value interaction coefficient for rotations in the swimming direction as

Tgesllcal Tall,CFD: 1.09.

Laterd velocities ad forces are both sinusoidal in time with zero mean and
amplitude of 0.015 and 7.235 respectively. The phase between the wave forms of lateral
velocities and forces is equal to "/ 2. The
lateral velocites is 0.51 times the spherical drag; howgefarlateral directions, interaction

coefficient from the solution of the inverse problenare obtained as

fr_ll:l%hcal Tail,CFD _ TTHerllcaI Tail,CFD =1.24.

Actual values of interaction coefficients vary with the choice of resistive force
coefficients used for the tail, since the effect of hydrodynamic interactions between the

body and the tail is evaluated by the interaction coefficients applied only to body
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resi stances. Therefore, for the resis-tive
bodytheory (1976) a new set of interaction coefficients are necessary. In this tdese,

inverse problenis solvedfor already calculated velocities to obtameraction coefficients

for the body resistance matrices, which are calculatedY§'°® T@"S8T = 3 35,

Tl_ljeqllcal Tall,SBT: TTH(rellcaI Tail SB1_ 1_1’ andTEesllcal Tall,SBT= 0.85.

Flagellar propulsion with traveling plane waves (TPW), in essemcebe considered
as a special case of the helical propulsion since the deformation of the taif iditeetion
is set to zeroTherefore, it is assumed that resistive force coefficients obtainethdor
swimmer with therotating helical tail should péorm reasonably well herenlthis case,

interaction coefficients for body resistances are required for the forward motion of the

swimmer in thes-direction, Y5 2" Wa¥ |ateral motion of the swimmer in thedirection,

yRianar Wave and the rotation of the body in thedirection, Y5 s W2 The interaction

coefficient in the swimming direction is calculated from the ratio of the -tinexaged
force and the timaveraged velocity in that direction, which areabed from the CFD
simulation of the free swimmer with the travelp@anewave tail whose amplitude and

wavelength are set to the basese values, 0.1 and 2/3 respectively; the calculated value of

anar Wave CFL_

the interaction coefficient is obtained %?fs =2.21. This value is very close to

the one obtained for tlrvimmer with the helical tail.

Similarly, from the ratio of the amplitudes of the lateral force and the lateral velocity,

which are zero in average, the lateral interaction coefitdis obtained asry'a"" eve CFt

= 3.14. Lastly, the interaction coefficient for the rotational resistance of the body iin the

direction perpendicular to the plane of propagating wave is obtained from the amplitude

ratio of the torque and the angular velocity in that directioﬁfé!?,”‘"Ir Wave CFL_ g 45,

Interaction coefficients are also calculated from the solutiomhefitverse problem
for both sets of resistive force coefficients, from the CFD simulation for the stationary
swimmer with a helical tail and fromni g h t h i-bbsédé coefScirits and theresults
are presented in Tabk2. It is somewhat surprisingp see that the interaction coefficient
for ther-rotation of the swimmer is negative. It $sispeatd that the result is an artifact of

using only the diagonal componemtfthe body resistance matrik effect, ther-rotation
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of the swimmer is strongliinked with theg-translation of the swimmei.e. lateral rigid

body translation and rotation of the swimmeéue to the strong coupling between the

torque on the swimmer and theforce on the tail and the fact that the center of mass of the

swimmer cancides with the center of the spherical body. In essence, having a very large

interaction coefficient in thg- translation and a negative one for theotation could be the

result of more complex interactions between the two modes of the mbtiotihermore,

these observations indicate the necessity of phase angle approach to the problem of time

dependent velocity and fluid resistance of the planar wave propagating tail, in a similar

fashion to the analysis conducted for rotating helical tail.

Table6.2: Interaction coefficients for the body resistance matrices of the spherical

Propulsion type Tail resistance coefficient | Body drag factor

RRH (Helical|Li ght hi |-basgds c Helical Tail, SBT_ 1.1
Wave) ( formglae W YmsTary - 133511089
RRH  (Helicall CPDbased Gy = {9955 HRI(5™ = (2.24;1.25; 1.09)
TPW (Planar|Li ght hi I|-bhs&ds cn| yPlaneWaveSBT_ {1.95; 6.75;-2.5}
Wave) formulae thsTaRk T
TPW (Planar| CFD basedc;,, = {995.5,| ~yPlanewave CFD_ - g8

Wave) ( 775.2) o frrstany - (L6583

6.3.Parametric Validation with Computational Fluid Dynamics (CFD) Simulations

The hydrodynamic model is validated with additional CFD simulations for different

amplitudes and wavelengths than the ones used in theseepméive design for the

estimation of interaction coefficients for the body and resistance coefficients for the tail

presented in

t he

section

An5. 4.

2.

2.

Hydr odyn

in detail The study can be extended to otharameters such as the body radius, tail length,

body type etc. Here, only wavelength and amplitude are considered for clarity and

conciseness as design variables of flagellar propulsion. Moreover, frequency, diameter of

the body and fluid properties aleamped into the scaling Reynolds number used in
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simulations. Thus, for small Reynolds numbers, the velocity of the robot scales linearly
with the frequency of tail rotations and its body size.

For swimmers with helical tails, hydrodynamic model resultampared with CFD
simulation results irFig. 6.3. Average forward velocitysee Fig.6.3a), amplitude of the
lateral velocity §éee Fig6.3b) and the body rotation ratege Fig6.3c) are plotted against
the amplitude, which is the radius of the helsccording to hydrodynamic model results
with resistive force coefficiest f r om L i g hbodythéoly ldased anblysis (A9,6)
magnitude of the timaveraged forward velocity increases with the amplitude with a rate
that slows down at higher valuéshe model results with CHDased force coefficients also
show that the average velocity increases with the amplitude; in this case, a slightly better
agreement with actual simulation results is observed than the case withaSBd force
coefficients. Theagreement between the hydrodynamic surrogate model and simulation
results is better at small values of the amplitude than large eeesHig.6.3a), thus,
indicating that as the helical radius increases and the flow induced by the tail gets stronger
than the case used for the estimation of interaction coefficients the accuracy of the
surrogate model deteriorates. Percentage errors from the plots are listed i6.3 &nlall
cases.

Time-dependent lateral motion of the swimmer is periodic with zesanvalue.
However, the amplitude of the lateral velocity increases with the amplitude of the helical
waves almost linearly; the agreement is slightly better for the force coefficients from the
slender body theory than the force coefficients obtained fremCFD simulation for the
stationary swimmersee Fig6.3b). Similarly, in Fig. 6.3c, model results with analytically
obtained force coefficients from the slender body theory agreesivithlation results for
large wave amplitudes better than the resulith constant force coefficients (11.8% error
vs. 42.7%); agreemeid poorer for both sets of coefficients at small amplitudes.

Average forward velocity, amplitude of the lateral velocity and the average body
rotation rate are plotted against the numbé waves inFigs. 6.3d,f , respectively. The
forward velocity predicted by the hydrodynamic model indicates that the wavelength does
not have a significant effect, and agrees well with CFD simulation results for both sets of
parametersqee Fig6.3d), i.e.6.9% for constant, andc;, and 9.3% forc, andc; from the

slenderbody-theory (SBT) The amplitude of the lateral velocity peaks at half integer
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values of the number of waves, i.e. ff = 1.5, 2.5, 3.5, etc, and falls at full integer

values. When the helical waves are in -pdiriods, forces in the lateral directions are
minimal, and emerge only due to the bias introduced by the shape furatioedded in
position dependent amplitude furarti used to implement wave deformatiohBwever

when the helical waves do not have full turns, the symmetry is broken and hydrodynamic
forces in lateral directions emerge and the effect is maximized when the incomplete wave is
half.
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Figure6.3 Helical wave validationsitne-averaged forward (a,d), amplitude of the
lateral (b,e), and rotation of the body (c,f) against the amplitud® @d number of
waves (df) for helical tails: circles are CFD results, solid lines are for hydrodynan
model wih resistive force coefficients obtained from the CFD simulation for a stati
swimmer, and dashed lines are for hydrodynamic model results with resistive f
coefficients obt ai nbadrthdéory (SBIT) haiseg apprbaich (191

Moreover, the intensity of the lateral motion diminishes as the number of waves
increases indicating that the effect of the incomplete wave is diluted as the total number of
waves on the tail imeases. Overall, the hydrodynamic model predicts the lateral motion
well especially with analytical resistive force coefficients compared to resistive force

coefficients computed from the CFD simulation for the stationary swimmer (see Fig. 6.3e).
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Lastly, the rotation rate of the body does not vary with the number of waves on the tail
significantly, and predicted reasonably well with the hydrodynamic model as shown in Fig.
6.3f.

For swimmers with travelinglanewave tails, hydrodynamic model results are
compared withCFD simulationresults inFig. 6.4 for both sets of parameters: resistive
force coefficients from the slender body theory (RFC from SBT) and corresponding
hydrodynamic inteaction coefficients of the bodyand resistive force coefficients
determined from th€FD simulationfor stationary swimmer with the helical tail (constant
RFC) and correspaling interaction coefficients.

Time-averaged forward velocity, amplitude of the lateral velocity and the amplitude
of the angular velocity of the body in thedirection increase with the amplitude, and are
predicted very well with the hydrodynamic model for both sets of parameteesHig.
6.4a-c). Time-averaged forward velocity of the swimmer is plotted againsinthmber of
waves on the tail irFig. 6.4d. For small number of waves, hydrodynamic model results
agree well withCFD simulationresults for both sets of coefficients. Howevéme-
averaged velocity calculated by the model with force coefficients fronsldreler body
theory decreases with increasing number of waves for large values. Model results with
constant force coefficients agree very well with CFD simulation results for large number of
waves as well.

The lateral velocity of the swimmer in tlgedirection is periodic in time with ze-
average valueAmplitude of the lateral velocity varies with the number of waves on the tail
similarly to helical tails with the exception that peaks are observed at number of waves
equal to full integers and bottoms ladlf-integers as shown ikig. 6.4e. In part this is
because of the effect of the amplituslgape function, which introduces a bias near the
body and breaks the balance of forces towards the tip of thés¢al Fig.6.5): for half
integer waves on the tag-direction forces are symmetric and net force is small, on the
other hand for full integer waves the motion of the tip of the tail is not balanced by the
motion of the tail near the body. Hydrodynamic model results agree very well qualitatively
with theCFD results despite a slide shift in the results for number of waves larger than 3.5.
Moreover, the hydrodynamic model with resistive force coefficients from the slender body

theory predicts that the overall trend of the amplitude of the lateral veldeityeases
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slowly with respect number of waves on the tail, although results of the model with
constant force coefficients show a decreasing trend as the number of waves increases and
agrees well with the CFD simulation results ($&g. 6.4e). Lastly, theamplitude ofr-
rotations of the body follows a trend with peaks near the half integer waves and falls at
slightly larger values than the full integer number of waves on the tail Higees.4f).
Although the overall trend agrees well with the CFD simulatiesults, the range of the

falls and peaks are not as large in CFD simulation results & ihydrodynamic model

results.
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Figure6.4: Planar wave validationame-averaged forward velocity (a), amplitude of
lateral velocity (b), and amplitude of body rotation around thgis (c) are plotted
against the amplitude of waves for TPW tailscfaand number of waves-fil Circles are
CFD results, solid lines arfor hydrodynamics model with resistive force coefficier
obtained from the CFD simulation for a stationary swimmer with a helical tail, a
dashed lines are for hydrodynamic model results with resistive force coefficients o
from Li gherbadythedrys(SBY) baseddapproach (1976).
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Figure6.5: Flow and force field around the sinusoidal plane wave propagating t:
proportional dense arrows represent the fluid resistalm®y-direction; streamlines
denote the velocity field; background color map demonstrates theylveddcity. The

lateral force acting on the tail cancels out with the presence of half wagefhowever,
the canceling out effect vanishes due todbeverging end towards the body with fu
waves ).

Summary of the performance of the hydrodynamic surrogate model is presented in
Table6.3. Overall, the surrogate model agrees very well with CFD simulation results for

both sets of resistive force coefficients (RFC) duse the model and for both actuation

types.
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Table6.3: Errors in predictions of the hydrodynamic model, (absolute error; range
calculated velocity values)

Number of Waves Amplitude
CFD-based Analytical CFD-based Analytical
constant constant
Cny G Cn, G
Cn, G Cn, G
Helical tail | g 0.0025, [ 0.0033, [ 0.0047, 0.0046, [
-0.0327, -0.0319, -0.0011, -0.0008,
-0.0393] -0.03939] -0.0596] -0.0597]
Y, 0.0085, 0.0102, | 0.003,[0.002,| 0.00074,
@maxi 10.0073, [0.0052, 0.0251] [0.002,
0.0435] 0.0356] 0.0212]
W, 0.0011,[ | 0.00843,] 0.0516, [ 0.00143, |
-0.0574, -0.0708, -0.0009, -0.0009,
-0.0694] -0.4783] -0.1722] -0.1349]
Traveling U 0.0011, [ 0.0031; 0.0056; 0.0023;
plane -0.020, [-0.0186, [-0.0006, [-0.0005,
waves -0.024] -0.0226] -0.0364] -0.0397]
vV 0.0013; 0.0022; 0.0012; 0.0017;
M2 10,0023, [0.0015, [0.0015, [0.00186,
0.018] 0.0203] 0.0165] 0.0160]
V\/r max 0.0014; 0.0010; 4.1 10-4; 55 10‘4;
! [0.0059, [0.0058, 8.2, 95.1] _
0.0096] 0.0095] “ ’10_4' [8.1, 93;-8T 10

6.4.Conclusions

Forward and lateral translational and rotation of-ibgpired micro swimmers that
consist of a body and an actuated tail are predicted with a hydrodynamic surrogate model,
which is based on a number parameters used in the resistive relationship between the
force and velocity vectors on the tail and the body. The hydrodynamic model runs
essentially in realime to predict the full trajectory of swimmerslike the three
dimensional CFBmodel that comletes the solution of the Navi§tokes equations in

hours if not a day.
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For the actuated tail of the swimmer, which is considered as either a rotating helix or
travelingplanewave deformations on a flexible rod, two sets of resistive force coefficients
are used: one set is from the slender body theory of Lighthill (1976), and the second set is
directly calculated from a single CFD simulation for a stationary swimmer with a helical
tail for which the amplitude and wavelength are set to 0.1 and 2/3, tegbeén non
dimensional units. For each form of flagellar actuation and the set of force coefficients,
hydrodynamic interaction coefficients are estimated for the body of the swimmer from the
solution of the inverse problem for the base case values eofathplitude and the
wavelength. Then the hydrodynamic modeVasidated directly against CFBhodel results
for swimmers with helical and traveliqganewave tails for which the amplitude is varied
between .01 and .15 and the wavelength is varied bet@&enand 1. For all cases, the
surrogate hydrodynamic model resudtgee reasonably well with CFDodel results.

Furthermore, experimentally measured tiaveraged forward velocity and body
rotation rates for micro organisms that are presented in literatte compared with the
results of the hydrodynamic model with resistive force coefficients obtained from the
slender body theory. Once the hydrodynamic interaction coefficients of the body are
determined from the inverse problem for a fixed specimemligied forward velocities and
body rotation rates agree very well with the measurements for other species with different

body and tail dimensions.

6.4.1.Applications of Validated Hydrodynamic Model: Search for Optimum
Geometric Desigrs

Design of anartificial micro swimmer can be carried out with the validated
hydrodynamic surrogate model that can replace the computationdijustive three
dimensional CFBmodel simulations. For instance, the energy consumption of the robot
with B, = 0.1 and\ = 2/3 can be minimized with the maximization of its efficiency, which

is signified as:

q dbody 6.3
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w h e rpRy= BUyis the average rate of work done to move the body of the robot with the
velocity of Uy against the drag force on the body, a nds the rate of work done to
actuate the tail of i hTeYunirfo elcal taits, wHerdgiathec ul at e
torgue needed to rotate the tail with the angular velogigy, For travelling plane waves,

the rate of actuation work is calculated from the integration of the product of the local force

and the local net velocity in the lateral directionmothee entire tail length.

Average forward velocity (see Fig6.6a-b) and the hydrodynamic efficiency of
swimmers (see Fig$.6¢c-d) are calculated with the hydrodynamic model for amplitudes
varying between 0.01 and 0.5 and for number of waves between 0.5 and 5. According to
Figs. 6.6a-b, there is a similarity between the forward velocity of swimmers with helical
tails and travelig plane waves, former with the maximum velocity of 0.21Hor 0.5 and

N, =1, and the latter with the maximum velocity of 0.12 for the same amplitudéNand

= 0.8. Therefore, in order to design a swimmh the fastest velocity, one has to build a
tail with a single helical turn with the largest amplitude. Moreover, swimmers with helical
tails are considerably faster than the ones with traveling plane waves.

From Figs.6.6c-d, the efficiency of the swimers with helical tails is considerably
larger than the efficiency of the swimmers with traveling plane waves; the maximum
efficiency for the helical tails is obtained as 2.5%, and as 0.29% for traveling plane waves.
Furthermore, the hydrodynamic efficieneglues for helical swimmers, which are on the

order of 10", agree with the efficiency study carried out by Purcell (1997).
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7. IN-CHANNEL SWIMMING RESULTS

This section presents thesults of experimental studies emtethered o#board
powered helical swimmer. All experiments are conducted in channels filled with viscous
fluid, i.e. silicore oil. There are two kind of swimming orientations; namely vertical and
horizontal swimming. Results obtained by vertical expenta are utilized to validate the
CFD-model provided that contact friction and lubrication effects are absent. However, the
horizontal channelexperimentswith varying channel diametexonstitute the bulk of the
experimental work on kthannel swimmingMoreover, experimental results are predicted
and compared with theydrodynamianodel.

Images captured bihe CCD-camera are inspected frarhg-frame in order to resolve

the body rotation raté\,oqy, and tail rotation rateyy, , along with swi mme

velocityUyonl vy, given that the robotdés weight IS
force acting on itHence, infinitesimal lateral rigid body translations or rotations are
neglected. Furthermer based on the Nyquistte, the sampling rate of the C&iamera is
found sufficient to resolve the rotationrates t he swi mmer 6s body and
where the camera is positioned

Results are obtained by averaging out five distinct mea®msmnand visible eor bars
are calculated with 95%onfidence interva(see Appendix 6 for further detail on helical
tails and observed velocity value€)bserved rotation rate dfié tail is input in SBT and
RFT-basedhydrodynamicmodels as the actuatidrequencyof the tail, g , in order to
study the performance of theeducedorder hydrodynamic modellt is noted that the
actuation frequencies are not controlled; the observedatall bodyrotation ratesare
actually due to the motor torgumlancing the effective hydrodynamic shear torque and

friction on the entire swimming bimspired robot.
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RFT model calculations are carried out with all rows of the resistance matrices set to
zero except the frstandhe fourth row of robotds tot al
calculation of the trajectory for two degrees of freedom, forward translation and body
rotation. Helical tail is discretized by at least 100 intervals per wavelength.

Furthermore, given thdhe replaced fluid would flow around the body in the direction
of wave propagation, fluid resistance actin
the correction presented by Happel and Breih®65) in order to account for the effect of
upstream This correction is carried odor the simulations, which employ tangential and
normal resistive force coefficients, representing the experiments with channels having
closed endswith either vertical or horizontadrientation The proximity of the swimnre 6 s
body to channel w a |Hbweves theachasinelndiandetet effectfoe pure € m.
eccentricity(see Fig. 7.1js not corrected for validation of4ichannel experiments, given the
fact that eccentricity function leads to much higher correctaatofs than that of the HI

coefficients used in this analysis.

Figure7.1: Swimmer position with respect to cylindrical channel: Concentric swimme
eccentric swimmer (b).

Time-integration of the model with resistifercetheory (RFT) based approach is
carried out by AdamBashforthhMoulton PECE solver (Shampire and Gordon, 1)985is
noted that each simulation took approximately tadhree seconds with a @t high-end
Linux-based workstation. Timaveraged RFT and experimdrdsed results presented here
are obtained via averaging out the final two periods whereas results obtained {pa SRIT
approach are already tinaeraged doat require further processing.

Lastly, the reader will find in Appendix 1 a brief discussion about the experimental

work on the piezoelectric actuation based planar wave propagation with early experimental
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results, which is accompanied with a discussiorth@nreasons why that actuation method

is not further studied.

7.1.Horizontal vs. Vertical In-Channel Swimming Experiments

In horizontal inchannel swimming experiments, the {ngpired robot is moving
near the wall with an indeterminate instantaneaesimity due to the combined effect of
gravitational pull, buoyancy and hydrodynamic lift; however, in verticathannel
swimming experiments the weight of the body is reduced such that the geometry of the wet
surface remained unchanged and the overibiy of the robotic prototype is equal to that
of the silicone oil.Six tails, of which all actual length and weight of the wires used are
exactly the same, with different apparent lengths are used in the comparative study of
horizontal versus verticahichannel swimming experiments (see Appendix 6 and Fig. 7.2)

Vertical channel experiments are carried out with robots having a cork glued at the tip
of its body. The cork does not only assures average density to be equal to that of the silicon
oil, but al® exerts a torque due to buoyancy, which forces the robot trapsledbel to
gravitational pullAs the robot translates forward within the channel, its body replaces fluid
in front which in turn induces a local back flow around. Provided thathhanel is long
enough, bieinspired robot tends to move away from the channel wall, i.e. at the center
along the symmetry axis, due to the combined effect of buoyancy torque, back flow
induced by replaced flujdndthe constantotation of the body.

Whenthe symmetry axis of the channel is aligned perpendicular to the gravitational
pull, with extra weight in the body, the robot sits at the bottom. The tail rotation provides
enough thrust to push the body forward which separates from the surface, aadrfarén
acquires extra traction due to the close proximity to channel walls, thus the forward
swimming velocity increases in comparison with the vertical channel experiments even
with reduced tail rotation rates (see Fi@)71ln fact, the forward velociéis of horizontal in
channel swimming experiments being either comparable to or bigger that the forward
velocities observed for vertical 4thannel experiments implies the amplification effect of

local lubrication on the rotating helical tail on the forwéndist.
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One of the two exceptionsrhere the forward velocities are comparaldethe case
where the total length of the robot is bigger than half length of the swimmer (see2Bjg. 7.
In fact, robot did not have enouglistance to free itself from the channel walls, thus the
wall effect traction due to local lubrication, actimgp therobat ¢ pr ot oesyltgne 6 s t a
faster swimming velocity than that of the horizontal experimilareover the extra shear
torque acting on the tail prevented the motor to rotate with a much faster angular velocity
(see Fig 7.2d)The other instance is one with the largest wave amplitude (see E: ih
this instancewhile swimming in horizontal channdhe body is lifted furtheaway from
the channel walltowards the centewhere theeffective body resistance is higher in

comparison (Happel and Brenner, 1965) leading to smaller forward velocity values.

7.2.Vertical Experiment Resultsvs. ReducedOrder Hydrodynamic Model

Here, registered velocity values from the vertical swimming experiments are
predicted with RFIbasedhydrodynamic modelising the resistive force coefficient sets
presented in literature or obtained by terad analogy,SBT methods presented by
Lighthill (1976) and the asymptotic solutions of Stokes flow in channels presented by
Felderhof (201Q)

The body resistance coefficientd prolate spheroidg¢Perrin, 1934) although not
suitable in this particular cas@ motionare adjusted withl x values which are obtained
by inverse velocity kinematicdpr rigid-body translation and rotatioof the cylindrical
body. This procedure is carried out fasnly once for every coefficient set. The
hydrodynamic interaction (HI) coefficientavhich signify the combined interactions
between body, tail and the channake listed inTable 7.1 Interaction coefficients
compensate for geometric effects, body tail interactions and robot channel interaction
altogetherlt is observed that the agreemidetweerthe hydrodynamic modetesults and
experimental results fades with changing tail geometry.

Here, the performance sklected resistive force coefficient seéd8T-approach and

asymptotic analysis are compared with the vertical channel experiment results (See Figs.
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7.3-75). It is observed that resistive force coefficients implemented for bounded viscous
mediums are slightly favorablé is also observed thaihe forward velocity of the robotic
prototype and theody rotation rate increases with increasBalRooqy ratio. The results are
inconclusive to study the effect of varying wave length on the velocity values given that an
incremental increase in total miber of waves, combined with varying tail length, may
result in slight decrease or increase in the forward swimming velocity and body rotation
rate.

It is presented in Fig. 7.3 that resistive force coefficient sets, which are presented for
unbounded visass mediums, provide reasonably well predictions on the forward
swimming velocity with large wave amplitudes (see Figs. -£BIOn the other hand, they
have a better performance on the body rotation rates with smaller wave amplitudes (see
Figs. 7.3de).

It is observed in Fig 7.4 that the resistive force coefficient sets given for bounded
viscous mediums predict the forward velocity and body rotation rates with a reasonable
agreement for small wave amplitudes (see Figs.-G.d¢&). However, as the wave
amgitude increases the hydrodynamic model calculations deviate with considerable error
(see Figs. 7.4c,f). Itis noted that the RFC set based ontaruspresentation of the helical
waves predicts the velocity values with comparable success for small amgpléudes;
however, the error for large wave amplitudes is greater than that presented by the RFC sets
found in literature (see Figs. 7.4c,f).

Finally, Fig. 7.5 depicts the velocity calculations with SBised approach presented
by Lighthill (1976) and he asymptotical solution presented by Felderhof (2010). It is
observed that asymptotic solution of the forward velocity of a rotating helical tail and SBT
based approach do not agree with the experimental results of forward velocity with respect
to varyingwave amplitude (see F8g7.5a,c). On the other hand, the body rotation rates
predicted with SBT method agrees well with experimental results for small wave

amplitudes (see Fig. 7.58), but with large wave numbers predictions fail drastically.
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Table7.1: Vertical channel (wide,losedended interaction coefficients; under the
assumptions of binspired robots moving in unbounded and bounded fluid.

RFC set Fluid-Drag
Gray and Hancock (1955) {Tgc,x)i(yzlg, Taogy:1_4}
Lighthill (suboptimal set, 1976) {Tg?;ﬂ(y:4_5, T%ogi(y: 3.4}
Johnson and Brokaw (1979) {T_l)r?iy:21, T%Oiy:1_4}
Brennen and Winet (1977 {T_?_?f(yzlg_a TE{"?(V: 1.85}
Laugaet al (2006) {T$c,><)i(y:27, T%O‘)’(yzlA}
TorusRod Coefficients {T-?-?iy =15, T%Oj'(y: 2.5
Lighthill SBT-based:;, (1976 {Tg?iy —8.5, T%oiy: 0.625)
Lighthill, ¢y, unbounded SBT (1976) {Tgc,);i(y:4_75’ T%o?(y: 2.5
Felderhof, bounded Stokes flq2010) T, =105

7.3.Vertical Experiment Resultsvs. Computational Fluid Dynamics (CFD) Model

7.3.1.Effect of Wave Geometryon Vertical Swimming with Constant Wire Length

CFD simulations governed by stationary Nawi#okes equationssubject to
continuity are validated by the velocity results obtained by the vertical channel experiments.
Simulations are carried out with channel and robot dimensions with the scale of 1:1, and
actual physical properties, i.e. density and dynamic viggoaite used for the fluidic
domain.

Figure 7.6 demonstratesn dimensionless fashiothat the CFBmodel is a valid
representation for bimspired robots in channels; unless the proximity between the two is
small enough to induce lubrication effects apdssibly, surface contact (see Fi@.6a).

The average error between forward velocities is within the range of 12.5%, whereas the
average error between the body rotation rates is within the range of{sé@%4-ig 7.6.e)

Furthermore, the sensitivity to vang amplitude and wave length are predicted accurately.
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Figure7.6: Closedended erticalwide channel resultexperiments vs. CFD.
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