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ABSTRACT

Scale down robots with propeller propulsion meckars are promising tools for minimally invasive wrgg
diagnosis, targeted therapy, drug delivery and remg material from human body. Understanding thevemeent
of micro robots inside fluid-filled channels is essal for design and control of reduced robotsdesarteries and
conduits of living organisms. Three-dimensional eyaoing partial differential equations of the fluftbw, Stokes
equations, are solved with computational fluid dyies (CFD) to predict velocities of robots, whiate @ompared
with experiments for validation, and to analyzeef§ of blade number, pitch and the radial positiéithe robot on
its swimming speed, forces acting on the roboteffidiency.

Keywords: computational fluid dynamics, artery, low Reynotasnber, micro-robots

INTRODUCTION

Someday, treating patients with nanorobots couttbime standard practice to deliver medicine spedifico parts
of the body affected by disease. But merely injgctirug-loaded nanoparticles might not always kmigh to get
them where they need to go. Tiny robots could haaay benefits for patients. For example, they cdagd
programmed to specifically wipe out cancer cellkjolv would lower the risk of complications, redube need for
invasive surgery and lead to faster recoveries.dtburgeoning field of study with early-stage msaeirrently in
development in laboratories. But one of the chgléesnto making these robots work well is gettingrthe move
through body fluids, which are like molasses to etinimg as small as a Nano robot. Bradley J. NelSaitvador
Pané, Yizharor and colleagues wanted to addres@tbblem. The researchers strung together thmke ih a chain
about as long as a silk fiber is wide. One segm&sta polymer, and two were magnetic, metallic nargs. They
put the tiny devices in a fluid even thicker thdodd. And when they applied an oscillating magnéitdd, the
Nano swimmer moved in an S-like, un-dilatory motiainthe speed of nearly one body length per secthd.
magnetic field also can direct the swimmers to gacgets.
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Fig. 1.nanorobots capable of moving through bodil§luids with relative ease [1]

Fig. 2.Patients could one day benefit from swimminganorobots that deliver drugs where they’re needef?]

u; <0
as drawn

Fig. 3.Propeller velocity and force diagram (per uit span), as viewed from the tip towards the root othe blade on a 2D blade section in
the axial e and tangential g directions.All velocities are relative to a statinary blade section at radius r

Miniaturized swimming robots have great potentiatdvolutionize modern medicine; risks of many-tifieeatening
operations and procedures can be reduced sigrtific&or instance, potent drugs can be deliveretget organs,
tissues and cells; arterial build-up can be remdoeghhance blood flow in vital organs; diagnostiormation can
be collected and delivered from directly within ang and tissues, etc. A comprehensive survey afldement of
micro robots and their potential impact in medidsmerovided by Nelsoet al [1].
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Propulsion mechanisms of macro scale objects iddflare inadequate in micro scales where Reynaldsoer is
smaller than 1 and viscous forces dominate. Piscetiallop theorem demonstrates that a standarpepeo is
useless for propulsion in micro scales [1]. Howeweicroscopic organisms such as bacteria and spezoe can
move up to speeds around tens of body lengths guamsl [2,3, 4] with propulsion generated by thé&géllar
structures, which are either rotating helices @xifile filaments that undergo un-dilatory motionatiytal
microorganisms with helical body, suBlscherichia coli(cell body is approximatelyxum with flagella in 20 nm
in diameter and about 8 pum in length) exhibit rme-éumble behavior that resembles to random walla of
Brownian particle [2]: they swim in nearly lineaajectories (run) interrupted by erratic rotatidrttee cell in place
(tumble) caused by reversing the direction of titation of the flagella.

Some microorganisms such Bscherichia coliandVibrio alginolyticususe their helical flagella for propulsion in
aqueous solutions; a typical organism uses a mialecootor inside the body to generate the torqugiired to
rotate the flagellum. Micro-scale control strategfer flagellated bacteria are demonstrated chdini§a] and
magnetically [2]. Martel [3] presents a de-bodiediew and list of demonstrations of magneto tab#cteria as
controllable micro and Nano robots inside microseds and capillaries as small as 5 um inside thg p4g.

In-channel experiments and modeling studies aressacy to understand the motion and optimizatiomizio
robots inside capillaries and blood vessels. A nermitif studies in literature report experiments witoli in
channels and capillaries [2]. These results amgfgignt in showing hydrodynamic effects play arpontant role in
swimming of bacteria in channels, and flagellaruatibn mechanism is very effective even in narrdhvammels
compared to the size of the organism. Moleculagrattion forces between the swimmers and the chavailés
lead to adhesion when the distances are very clagghors report that motility is higher in the i@ capillary than
the 50-um one [2], and bacteria swim unidirectianahe 6-um capillary, while the cell speed and time remain
almost the same as the ones measured in the QuliBjidndi et al. [4] measured that average cell speeds are the
same for channels with 10 um depths or more, b4 higher in 3-um channels and 25% smaller in 2-hemoels
than the ones measured in the bulk. Authors stetedrag effects are only important fercoli swimming inside
channels having a height of 2 um or smaller, whieeechannel size is very close to the size of #mdhDilLuzi@t
al. [1] performed experiments on smooth-swimmiagcoli cells, which do not tumble, in rectangular chasnel
having widths (1.3 - 1.5 pm) slightly larger thédme tdiameter of the body of the organism and shotlvatisome
types of surfaces are preferred by bacteria thherstand wobbling or rotational Brownian motion reually
caused cells to separate from the wall. Authorsntejhat rotational Brownian motion is suppressestarand cells
swim faster when cells swim near the porous agdacel than when cells swim near the smooth PDM&sey and
propose that the hydrodynamics is responsibleHisr hehavior. The lower limit for the channel widttat E.coli
andB. can continue swimming is discussed by Maeahi. [5]. Authors concluded thd&. colican swim in a very
close proximity (~40 nm) to a planar surface anldesil/e and friction forces exceed the force pravide flagellar
motors or bacteria once the diameter of bacterianoimes comparable to the width of the channellfirfhe same
study, authors presented thlacoli and B.subtilusare still motile in channels having a width appneately 30%
larger than bacteria diameters [6].

Near solid boundaries bacteria were observed toviotircular trajectories that are influenced bydfgdynamic
effects [4, 5] and altered by Brownian forces ttfzinge the distance of the organism from the \#alB]. Vigeangt
al. [1] studied the attraction between the swimmingaoisms and a solid surface and proposed thatotfve f
holding swimmers near the surface is the resuét bjdrodynamic effect when the cells are withinwg®0 nm to
10 um of the surface, and electrostatic influermes important when the cells are closer than 20fram the
surface and lead to the adhesion of the cell. Astheport that stable swimming near the surfacegéiods well
over one minute are observed; ultimately leadidts ¢@ move away from the wall by Brownian motiohaugaet
al. [7] developed a hydrodynamic model and compareti wxperiments using. coli bacteria near surfaces and
observed that bacteria follow a circular trajectogar a solid boundary as a result of force-free tmnque-free
swimming and hydrodynamic interactions with the taary. Authors use the hydrodynamic model to shuat the
speed and the radius of the circular trajectorthefswimmer depend strongly on the distance toadle Li et al.
[8] report experiments and simulation results feinsming trajectories of singly flagellated bacteni€. crescentus
near a glass surface. Authors observed that Browmiation is coupled with hydrodynamic interacticetween the
bacterium and the surface, influences the swimrnoirte organism by randomizing the displacementdirettion,
and leads to the variation of the swimming speettha trajectory [6]. Experiments performed usignarcescens
attached to the 5 um diameter polystyrene beadseshthat beads have helical trajectories away ftieenwall,
however show stochastic behavior near the wall [6].

Hydrodynamic models of low Reynolds number swimmamng based on asymptotic solutions of Stokes emnmti

and no-slip boundary conditions, such as presemgeldghthill [7], and resistive force coefficientdyat are based
on the drag anisotropy on slender rods, e.g. invj8fre present an excellent overview of hydrodyinanodels of
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swimming. The motion oE. colinear a planar surface is modeled using resistikaefooefficients and confirmed
the resultant circular trajectory with experimebts Laugat al. [9]. Recently, in-channel swimming of infinite
helices and filaments that undergo un-dilatory owtis studied by Felderhof [10] with an asymptatigansion,
which is valid for small amplitudes; results shdwttthe speed of an infinitely long helix placeside a fluid-filled
channel is always larger than the free swimmer @aplends on the body parameters such as the watleleng
amplitude and the radius of the body.

Analytical models that describe the equation of iarotfor artificial structures swimming in blood #eds are
reported in recent years. Arcesal.[2] developed an analytical model that includestaonforces, weight, van der
Waals and Coulomb interactions with the vesselsavafid hydrodynamic drag forces on a spherical nigbot in
non-Newtonian fluids to address the control of n@igally guided therapeutic micro robots in theddavascular
system.

In addition to analytical models, there are numerexamples of numerical solutions of Stokes eqnatfor micro
swimmers in unbounded media and near planar watls wo-slip boundary conditions; representativesoaee the
following. Motion of Vibrio alginolyticuswas modeled numerically by Geatoal. [5] with the boundary element
method (BEM); authors showed that model resulteagvell with observations on the strains of theaoigm that
exhibit geometric variations. Raretaal. used a numerical model based on BEM and calculgtatithe micro
swimmer's velocity increases by only %10 when swingmnear a planar wall, despite the increase irgdra
coefficients [4].

No-slip boundary conditions are commonly adoptadni@deling microorganisms swimming in unbounded imed
and near planar walls, e.g. [1-10]. For exampleynslet al. used a boundary element method (BEM) to study
entrapment of bacteria near solid surfaces, and oseslip boundary conditions to study swimmingaommicron-
sized microorganism as near as 35 nm to a plamtacsu[7]. However, from a general perspective liptsoundary
conditions are questionable especially in sub-mmicgcales [8]. In addition to molecular forces, weftand shear
rate, slip length in solid-fluid interfaces deperais surface roughness, Nano bubbles, contaminatioihviscous
heating [8]. Although in some studies it is repdrtieat slip exists both on hydrophilic and hydropilecsurfaces and
the degree of slip differs according to the wettifgthe surface [7], with improvements on the cohtangle
measurement techniques, boundary conditions ohytimphilic surfaces are adopted as no-slip by redaithors
[8]; non zero slip length is observed in the preseof Nano bubbles and at very high shear rate8[8bd vessels
and other conduits in the human body are coveréld mjdrophilic surface tissue, which is the endbtime and
used to render polymers hydrophilic [8]. In additionost of the bacteria show hydrophilic surfaceperties [8].
Therefore, no-slip boundary conditions are assufbedwimming of bacteria in modeling studies, &), and
adopted here as well.

Another question is about the Newtonian fluids use@xperiments and modeling studies. The red bloaits,
which present in the blood, cause it to behaveadiken-Newtonian fluid [1]. The blood plasma, oa tther hand,
is a Newtonian fluid and more than 50% of it is &atA micro swimmer would experience the same &fegth
particles (cells) in the blood, therefore, at thermand nano scales, blood can be considered atoNian fluid for
modeling studies [3]. In addition, the experimentgults of Liuet al. [2], who studied visco-elastic effect of the
non-Newtonian fluid using Boger fluid in their sedtup setup, which is used to measure the foreedwemming
speed of a rotating rigid helix, show that the efiéince in the forward velocities of rotating hediée viscous and
visco-elastic fluids is not crucial.

Inspired by microorganisms with helical flagellayisiming of one-link helical magnetic micro struatar is
demonstrated using external rotating magnetic siedihce artificial reproduction of the mechanissediby natural
micro swimmers is very difficult in Nano and micsoales [8]. However, technological challenge matyb®too
prohibitive in mm-scale, which is still in the loReynolds number regime. Moreover, swimming of reltur
microorganisms and magnetically controlled bio-easr [12] in channels differ than the swimming ofedink
artificial swimmers. Thus, experiments with scalgd-robots swimming in viscous fluids have been used
demonstrate the efficacy of the actuation mechawiswell as validate hydrodynamic models, since Reynolds
number flows are governed by Stokes equations déss of the length scale.

The Reynolds number, which characterizes the welattrength of inertial forces with respect to vise ones, is
RQ:M

given by: H wherep and u are density and the viscosity of the fladd U and ¢ are the

velocity and length scales of the flow. AccordirigRurcell [13], a man would experience the sameeforand

effects as a bacterium if he tries to swim in alpibat is full of molasses; since both situatiormd have the same
low Reynolds number and same physical conditiowms. éxample, the Reynolds number for the swimming of
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generic bacterium with a length scale of 1 um atgpeed of 10 pm/s in water is about, Re&U£/p = 10010
°x10%10° = 10°. Similarly, for a cm-scale robot swimming with tspeed of 1 cm/s in viscous oil with the
viscosity 10000 times the viscosity of water andwhthe same density as water, the Reynolds numsb&e =
pU/u = 1006x10°x10% 10* = 10°. Therefore, the hydrodynamic properties of thenswing of bacteria in water
and the robot in oil are dynamically similar. Thsttdata obtained for the cm-scale model can bkedpi pm-
scale one; dynamical similarity is commonly pra@tidn the design of large scale objects such asadts and
submarines as well [14].

There are a number of works reported in literatina takes advantage of the hydrodynamic similaoitfow
Reynolds numbers and uses experiments in viscoigsfat cm-scales to study the swimming of bacteriaicro-
scales. Behkam and Sitti [17] calculated the thrigce generated by a rotating helix using scaled-u
characterization experiments; the deflection oleayvhin (1.6 mm) cantilever beam due to the rotatf helical
body in silicon oil-filled tank is measured to aalate the thrust force. Another scaled-up modgiressented by
Hondaet al. [15] where rotating magnetic field is used as edeactuation to obtain propagation of a cm-long
helical swimming robot in a silicon oil-filled cyldrical channel. The linear relationship betwees stwvimming
speed of the robot and the excitation frequencyoliserved by authors and results agreed well with th
hydrodynamic model developed by Lighthill [16] bdsen the slender body theory for microorganismsn it al.

[4] analyzed digital video images of a macroscop@le model that demonstrated the purely mechanical
phenomenon of bacterial flagella bundling; the roacopic scale model allows to determine the effaxts
parameters that are difficult to study in microlscsuch as the rate, effects of the helical radigs the pitch, which
are hard to measure accurately, and the direcfiomotor rotation [19]. Another study conducted biyrket al.[18]
performed to measure the velocity field for rotgtiigid and flexible helices, and study the flagelbundling ofE.
coli or other bacteria, by building a scaled-up moudlich ensures Reynolds number to be low, using macale
particle image velocimetry (PIV) system.

In our recent experiments, one-link micro robotsevglaced inside glycerol-filled glass channelstahm inner-
diameter and actuated by external rotating magniidicls [2]. Results of the experiments indicatattta
proportional relationship between the time-averagehbcity and the rotation frequency exists up tstep-out
frequency, after which the robot's rotation is nader synchronized with the magnetic field, similarresults
observed in almost unbounded fluids in the litevat{8]. We also reported computational modelingoné-link
swimmers with magnetic heads and helical body’'snswing inside glycerol-filled glass channels [21fiet
computational model predicted the speed of swimmetsand demonstrated that near wall swimminggtédr than
center swimming, which is faster than unboundedrsning. Furthermore, the model showed that the iostadf the
helical body produces a localized flow around thérener leading to forces and torques that altemtfientation of
the swimmer in the channel [20].

Hydrodynamic effects need to be studied in ordeimprove understanding of the motion of micro rebtside
vessels, arteries and similar conduits inside thdypas well as the motion of microorganisms ingilannels and
confinements. However, experiments with microorgars and artificial micro structures pose many engés
such as controlling the geometry of the body ara blody which have a strong influence on the spewt a
efficiency. Therefore, experiments with cm-sizedots are advantageous since geometric parameterbea
controlled and low Reynolds number conditions carsdtisfied.

In this study, we describe a computational fluichayics (CFD) model, which is validated with expezirs
reported in our earlier work [4], to analyze théeefs of the geometric parameters of the body dedradial
position of the robot on the speed and efficientthe cm-size two-link robot swimming inside a cilar channel
filled with viscous silicone oil, which ensures IdReynolds number swimming conditions as adoptednconty in
literature, e.g. [8]. The CFD model is based angblution of three-dimensional Stokes equatiohgesti to no-slip
boundary conditions on the body and the body ofrti®t and on channel walls, as commonly used rimlasi
studies for microorganisms swimming near solid syadlg. R4] and validated by experimental results. Sincés it
established by prior research in the literature thpgdrodynamic effects are very important for theam wall
swimming of natural organisms, e.g. [8], we carried a number of simulations with the CFD modestiody the
effects of body design and the radial position e dwimming performance. Moreover, radial positbmagnetic
robots inside channels can be a control paramstesed [11] with the use of magnetic manipulatiectiniques that
are demonstrated successfully in velocity and mositontrol of magneto tactic bacteria [19] andfiaral structures

[2].
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EXPERIMENTAL SECTION

The two-link robot used in the experiments is umedd and consists of a body and a helical bodylasignto
microorganisms. The body of the robot is made gfags tube of outer diameter of 1.6 cm and thickredslmm
and a plastic cover with outer diameter of 1.8 ard &ngth of 1 cm. Inside the glass tube, a powerce, Li-
polymer battery (3.7 V, 65 mAh) of dimensions %13.5<13.5 mnf; a brushless DC motor of diameter of 6 mm
and length of 14 mm with 3V DC nominal voltage &80 mA nominal current; and a small switch of disiens
7x3x3 mnT are held together with an adhesive putty that mxsstotational symmetry and neutral buoyancy of the
body. Table 1 summarizes common dimensions of sobot

In order to study the effects of the helical pi{elavelength) and radius (amplitude) of the helicatly on the
swimming speed, 15 different helical bodys are mefisteel wire of diameter 1 mm. Bodys are manuwfiasct
manually by wrapping the steel wire around rigidsbaf desired diameter to obtain amplitudgsof 1, 2, 3 and 4
mm, which corresponds to a ratio between amplitaéheschannel diameteB/R., 1/18 (0.056), 2/18 (0.112), 3/18
(0.167) and 4/18 (0.223). Then the caoil is pladiycaleformed by extending it to desired wavelengthat
correspond to 2, 3, 4 and 6 turi, on the helical body, which has a fixed lengtlen@ the total length of the wire
varies with the wavelength and amplitude. Onlylibdy with the largest amplitude, 4 mm, and the Eeahumber
of turns, 2, was not manufactured with a satisfact®lical shape, thus experiments are not perfdrmith that
body. Fixed plastic couplings are used to secuoh émdy to the shaft of the dc-motor that protruftesn the
capsule. The robot consisting of the capsule aadduy is placed inside an open-ended circulaisgthannel with
the diameter of 3.6 cm and length of 30 cm insideaguarium filled with silicone oil with a viscogibf 5.6 Pa-s
(5000 times the viscosity of water) and a density@0 kg/ni as shown in Fig. 1c. The body, which is used for a
robots, is neutrally buoyant; however robots résha bottom of the horizontally placed channels thuthe weight
of the steel wire body.

Table 1.Common Dimensional Properties for Robots

Radius of the body, 0.8cm
Total length of the body,, 4.cm
Outer radius of the capy 0.9cm
Length of the caf, ca 1lcm
Apparent length of body$ses, | 6 Ccm
Length of couplings lcm
Diameter of body wire, 2oa, 1 mm
Length of the channelq+ 30cm
Diameter of the channelR2 3.6 cm

Maximum Reynolds number for the robots used inetkgeriments is calculated using diameter of thesaigpbody
and maximum forward velocity reached by R10 in expents as length and velocity scales as: ReJ#/u =
1000¢(1.01x10%)x(16x10%)/5.6 = 2.8%10°, which is much less than unity confirming that freav is well within
the Stokes regime. As an example, a micro robdt thi¢ diameter of 32 um and velocity of 100 pndseting in
water has the same Reynolds number as R10.

For each experiment, the battery that supplies pdarethe dc-motor is charged fully, the switchtisned on
manually and the robot is placed inside the chaneal the mid-axis. The motion of the robot is rded with a
CCD camera. Frequencies of body and body rotatams forward velocity of the robot are calculatednir
orientations of the body and the body, and frompibsition of the robot in recorded images.

The formulation here is based on that a propelldéis represented by a lifting line, with tragiimorticity aligned
to the local flow velocity (i.e. the vector sumfoge-stream plus induced velocity).the total remtlinflow velocity

magnitude is composed of inflow velocities, V andiced velocities, u as :

i i v tu :
vV = \/(Ve1 +U )’ +(wr+v, + U ) which is oriented at pitch angl§ =arctan{—2——2— . Assuming
ar +v, +u,

the Z blades are identical, the total thrust amgue on the propeller are

T :zT[ECOSﬂI -F singldrg )

Q :zJ'rR[ Fsing +E cosB |rdr(-¢)
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where Fi and Fv are the magnitudes of the inviacid viscous force per unit radius apdnd R are the radius of
the hub and blade tip, respectively. The power eoresl by the propeller B =Qc and the efficiency of the

TV
propeller 397 =Q—.A standard vortex lattice formulation is used tumpute the axial and tangential induced
w
velocities. a radial lifting line, partitioned intd panels. A horseshoe vortex filament with cir¢igla (i) surrounds
the ith panel, consisting of helical trailing vortilaments shed from the panel endpoints (rv(il an(i+1)) and the
segment of the lifting line that spans the panék hduced velocities are computed at control goamt the lifting

line at radial locations rc(m), m = 1:M, by summitige axial and tangential velocity induced by ehohseshoe
vortexat rc(m) by a unit-strength horseshoe vostexounding panel i.

0, (m) = Y r (), (i)
G (m)= Y () ()

Since the lifting line itself does not contributethe induced velocity,
u (mt) =u, (m,i +1) —u,(m,i)

U’ (mt) =u, (m,i +1) -u, (m,i)

where y(m;i) and m;i) are the axial and tangential velocities ineldi@at rc(m) by a unit-strength constant-pitch
constant-radius helical vortex shed from rv(i),hwihe circulation vector directed downstream @eay from the
lifting line) by right-hand rule. For rc(m) <rv(i):
: Z
u, (m,i) =—(y-22yy,F))
a4,

2

. z
U (mi) =2 (R
For rc(m) >rv(i):
2
u,(m,i)=- o (YYoF2)

. Z
U, (m,i) = 4—7Tc @+ Zzyon)
where

1

— 2\4 2 2 _

F = 1(1+y(;} u, 1 {Qyow;%5+ 3y 2%5}”“ U |
2zy,\1+y 1-u 24Z| (1+ys5)” @+y°)"

— 2 2 2 _
FZ:Zzl G:ygj 1ij +24112“y0:%5+ ¥ Zi’}mh U-I
Yo y u A+y)”  (@L+y9) U -1

Nl
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Yol1+y* -1
. expl/l+y?® —\1+y;
y(\/1+yo -1)

y= r, tanﬁw
yo = 1
° tang,

A hub of radius rh is modeled as an image vortdtickea The image trailing vortex filaments have aqand
opposite strength as the real trailing vortex fitams; they are stationed at radii
2

I.

m

=M
r

r, (1).tan| B (1)
r

tan[ ag" } =

and the drag due to the hub vortex is

z? r 2
D, =22 | In| o |+3|[r @)’ (-e,)
16m o
.In addition, a duct endowed with circulation wilkiuce axial velocity at the lifting line

Nd
Uy (M) = Zrd(n)ua,d (mn)
n=1
whereuy.(m;n) is the axial velocity induced at at (x = &(m)) by a unit-strength vortex ring atx gm),

U (M) =T U g 4m)
to include the flow induced by the duct circulation
Nd

ad(m) Zl () U (mn) r u&d(m)

U (m) - Zidr(i)uf (mn)
n=,

The thrust produced by the duct can be computéghims of the axial and radial circumferential meatocities
induced on the duct by the propeller, as follows

Nd 1
T, = 2md .Z(p[— u’ (n)]’drd(n) —pr/ad +u? (n)]ZCDdﬂ)
= "ONd

The propeller optimization problem is to find thet 8f M circulations of the vortex lattice panetat produce the
least torque

Q =p2i_{[va+u;]r+§v Goc | WE+V,+ QJ} Ay

for a specified thrust, ;T

M
T= ng{r[wrc +V, + u:]+%V* Goc [ Va* L!J} Ay

—Hflag.%i[ln [;_hJ +3}[r @]=

Where Hqg is set to 1 to model a hub or 0 for no hub. Indase of a duct-propeller optimization, the progretinly
provides a portion of the total required thrust, e thrust ratio is defined as

_T, _ propellerthrust
T total. thrust
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such that the thrust required of the duct is Tds=TT and the total thrust is Tr = Ts + Td. Intheeaf no duct, Td =
0, and Ts = Tr.To solve this optimization problem the method of the Lagrange multiplier from viliwatl
calculus; if T = Ts, the na minimum H coincidestwa minimum Q. To find this minimum, the derivasveith
respect to the unknowns are set to zero

oH .
—=0 For i=1...M
ar,
H _g
oA,
Ifa maximum allowable lift coefficient is chosetygically, 0:1 <Gna< 0:5), then the “optimum" chord is
~ r
C=F—
1 *
E N )CL max
If the Expanded area ratib AR= Zj:c(r)dr , Is given, then the chord length distributiondaled as follows
c(r)=c (r) &pec . To evaluate the required partial derivatives
ar(m) _ Cimi oA,
(m=i) =1
or@ |2 oA,
ou; (m) _
. * u (m’t)
2 =iy o
or(i)

* 0U%(m)
aV(m) _1(\/ )-l 2(Va+uaT(i):'-
or (i) 2(arc +Ve+uy )

=sin(A(m))u, (m,i) +cos(B (m)u; (m,i)

All other partial derivatives are zero or are iggghDuring each solution iteration flow parameters faozen in
order to linearize. The linear system of equatiovit) the linearized unknowns is as follows

g—ﬂ-pzzr<m>-[¢<m ) p(mA g (m+ aCi m r(dA 5]+ Zv,() r(ar)
+pZZ%CD v (r;)c(m)[a)g(m)+V(n)+ 0 M € o€ m

+pZ Y 3COV (M m[ G m¥] o A

+pZﬂ1§_‘,F(m)-[q*(mi )Ar, M) +u; (i, m)AL, (i) |
+pZ A[ar, (i)+V (i)]ar, )

-puz ('“)”)c( m[V(m+ g ma,

—pZA12%CDV*(m)o( m[ 4 myp s

or,
“Hflag 2T 4 PZ° {In[ rh]+ 3} @
ar(l) 8 o

=0 for i=....M
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Z_ﬁ = Zi F(m)[arc(m) +\/t(m) + ut* (m)hrv(m)

- A2V (mye(mlV, (m) + u, (mav, ()

2
- Hflag. 2% {In(:—h] + 3}r(1).r(1) ~T.=0

16mr 0

Once the design operating state of the propelkbifia is known, the geometry can be determinedite guch
performance. The 3D geometry is built from given &Egtion profiles that are scaled and rotated daugrto the
design lift coefficient, chord length, and inflowmgle

{c.. fo,f,m}=%.{q, fo,f,m}

Ly

| e propeller CL

-15
5 . ? ? ? C t: H :: [ —propeller CD
90 60 30 0 30 60 90

- oy [deg]~

Fig. 4 Lift coefficient, CL, and drag coefficient, CD, wers net angle of attackfor thepropeller

The pitch angle of the blade section is then fiaed

f=a, + L,
. - - . VS S H
If the analysis of a propeller operating at and#tign (OD) advance coeﬁ|C|edSOD =—75= R » the pitch
Moo o

angleof eachblade section is fixed, so the neteanglattack i€ —a, = B, — . The circulation is computed

from the 2D lift coefficient, which is given in tas of the loading by
2r

L=y,
Vc
The 2D sections lift and drag coefficients givertiosed form by equations

_ dc,
CL - CL,o + d_aLAa

- (Aa - Aa,stall)'I: (AO’ - Aa,stall)

da

+ dd(z:JL (-Aa -Aag,,).F(-Aa -Aagy,)
Co=Cop

+A(Aa -Aag,).F(Aa -Aagy,)

+A(-Aa -Aag,).F(-Aa -Aay,)

- ZA(_Aastau)-F (_Aastall)
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where the auxiliary function F(x) has limits O ahdtach vortex panel state vector, xm, is updat@uyus Newton
solver. Define the residual vector for thg panel as

V' =V, + )% + (@wODK, +V, +U;)?

o - (wlir]+ )
u - g[u;]-[rl)

In order to drive the residuals to zero, the désithangein the state vector, ghis found by solving the matrix
equation

0=R +J_dX_
where non-zero the elements of the Jacobian meateix
J ( |)—& a;Ra:aRc aR— aR ﬁ:
V' da oC_ ar au au;
3,08 = 2 = Ve tu, *
0, (Y, + U+ (bl +Vi )P
PR S S ALY
U OV, + U2+ (@l +V, + 1)
R, _0R, 0B dtands _ 1 1
J, (25 =—2= -
ou, 0B otan(B)  ou,  1+dtart(B) awyf. +V, +u
3 (26)= OR, _0R, 0B Odtandf _ 1 —-tan(8)
ou, 0B dtan(B) du  1+otarf(B) ol +V, +u
5. @2 =R - 95 @
Ja da
J@) =gk =-1ce
0 .
J (43)_% -1v'c
3,64 =0 =
m(54) = ar =-u,(mm)
aR
J,, (64) =—==—-u, (mm)
oa
_ _ o o au ou,(m, j)
J (52 =
6225, aﬁa =208 m
_ _ Uy aut (m J)
J (62) = — =
n(62)=— "= aﬂa Jz;()aﬂ()

All other terms are zero or are ignored. The tmtthdw speed at the duct quarter chord is

V=V ) ()
The inflow angle at the quarter chord is
d
—u j
d
a
The 2D lift coefficient (i.e. lift per unit circurefence) for the duct becomes

= L
B = arctar(v T
- dCL (ﬂlo ﬁ) + CL,do

andthe duct circulation then is
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— 1\/*
Fd _EV CdCL,d

Variable Formula

Table 2. Design Parameters

Descriptio

VS Vs
R R
D D
n n
Rhub oR r, R
RC r,R
DR Ar, R
CoD c/D
VAC V, 1V,
VTC Vt/V
UASTAR u; /\/S
UTSTAR u[ /Vs
UAHIF 27RU,
UTHIF 271Ru:
G I /(2/R\.)
VSTAR VIV,
dvdG 27RO
dvdw aa\/_‘/ R
LM A TR
CT T
Cr = ;p\/ZIRZ
2 S
CQ _ Q
VY
CP Qa
Cp: 1 3 2
3 PV; (TRY)
KT T
Ki=——7=
oD
KQ « - Q
Q™ 2ps
Joq
\]S J —_ VS —_ r)\/s
<= =%s
nD R
L
Vs ‘JS

shipspeed free— streamsped)[m/ s]

propeller.radius[m]
propeller.diametel[m]
rotation.rate[rev/ s](a; =2rm)
normalized hub radius

normalized controlpoint radius
normalized differencean.vortexradii

normalizedsection chord
normalized axiainf lowelocity

normalizedtangential inf low velocity
normalized induced axiatelocity
normalized inducedangential velocity
normalized axial horseshaef luendenction
normalizedtangential horseshoénf luencéunction
normalizedcirculatio n

normalized totalinf lowspeed

normalized %

normalized 2.
normalizedlangrange multiplier
thrust coefficiett basedon ship speed

torque coefficien basedon ship speed
powe: conefficiat(Cp=XC, = AC, :%’)
thrust coefficieth basedon bladetip speed
torque coefficien basedon bladetip speed

advancecoefficien

tip — speedratio
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RESULTS AND DISCUSSION

In order to analyze hydrodynamic effects of geoingtarameters of the body and the radial positiothe® robot on
the swimming velocity, forces, torques and thecédficy of the robot, a CFD model is developed aalitlated with
the experimental results. Simulations are perforfoedhe same geometric parameters of the robotlmadhannel
as the ones used in the experiments, and for radiitions varying between 0 and 8.9 mm, whichesponds to
the case when the robot is only 0.1 mm away froenctrannel wall.

Body of the robot is modeled almost identicallyttzes body used in the experiments with the unioa sphere and a
cylinder (see Figs. 1a and 2). As a connector batwbe body and the helical body, another cyliradrfmece is
attached to the bottom of the body; finally a hédixised to model the body. Dimensions of the mibwdeled here
are the same as the robots used in the experiments.

In this paper, several propellers are designed itee ghe same thrust coefficient, CT = 0.512 (

C
{CL, f,f ,a,} =D .{CL, f,,f ,a,}), for a range of design advance coefficidri Ve 1V, . Each is a
C, nD «R

hub-less, five-bladed propeller with a diameter @ mm, hub diameter g, = 0.2 mm, and speed Vs = 0.001 m/s(

r
CL=CLma1x'ﬁ

o ).The chord lengths are optimized for each propellevith ClL..x = 0.2 (
o, 2]

V L max
F 2 2 7l
C = L =—"——)  andEFFY=———_=0.8970 B K, ==C;.JZ and
BV VATV 1+ 17G, v TS
V. R

T= ZJ.:HE|COS,B} +F, sin,[?i]dr(—ea)
= 2| [ coss ~ F,singldr(e,)
Q= ZJ':[]FJsin,Bi -F, cos,[?i]rdr(ea)
=Z[[F sinf3 ~ F, cosg Jrdr (-e,)
where ByP = Qa

_9Q _ U U, (,i)r, (M)A, (m) +
~or, pzmz:lrm.[ u (im)r, ()2, (i) j

+ PZV, ()r ()4, (i)

In the low Reynolds number creeping flow regimegriial forces are negligible, and incompressiblawflis
governed by viscous forces balanced by the preggadient subject to continuity:

ud?u-0Op=0 and O =C

. [ 0 (mz#i) v o 0= P2 J2u gir ()ar, ()]
Then ua(m'l)~{u;ﬂ,i) (m=1) andU, (i) =T (u,(,i) So+pZ.VaG).rc(i)Arv(i) and
u;(i) ==2V,(i) with u; =ujpsand lutl[r] ZIU*LADSJ then AOD = %ooR_ 71
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p
In other word P- = RV and P, = (27n)Q leads to performance ¢ID = FE By

D
1 R
V,=———— |27V, (r)dr
A IRZ - lﬂﬁub R:!;b
In addition, P, =TV, sof7B ho e KV, . Wheref], Ei M E&,
R @mQ 2mK, Vq (2m)Q, 1o
Y/ R _P_RM, _ (@-1) P
1- =A (1-t)=—= p,=E=—SS= N, = = Ne=—"2,
1-a) v, @-t T ypr P TV, (@) o =1ulTe =1TulIo 115 )

P Xk x *
e :FE =Ndls :HHHB/]S,{Q,KT,KQ,UB, ...... }versusJS.

S
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Fig. 6.Dimensional parameters and layout of the rott blade

461



M. Y. Abdollahzadeh Jamalabadi J. Chem. Pharm. Res., 2016, 8(2):448-469

T : -
Since its overall performancelis= (1Fist) C = LR ,J, =interpolat¢C;, Jg,C;),

- : . V,
N, = interpolate( Jg, /7, Js) , KQ =interpolatd Jg,Kg, Jg),n= ; SD Q=K,,.D°.R, =(2m)Q,
s
R RYVs NP . _
P=—=.1,= N =Nd1s =u/1d]s Wwherep is viscosity u is the velocity vector angis pressure.

TV, '

Inlet and outlet of the channel are set to opemdaty conditions, i.e. the normal stresses are zero

(=pl +o)n =0 atx= Ol

No-slip boundary conditions are adopted here attizanel walls and on the swimmer's surface. Theitg at the
channel wall is set to zero:

u=0 atr =Ry

The swimming robot moves with a forward velocity, Therefore, no-slip moving-wall boundary condisdior the
body is specified as:

u(x)=[U,0,0+[ 0y z— ,|x[Qp .00 fox O Syqy

where,js the position of the robot in thedirection and varied between 0 (centerline) anstalue, which
corresponds to a small gap between the body anchinenel wallQy, is the body rotation rate; andlis the rotation
rate of the body.

x10"
— b e \
Al S e vas e i
il L.. i
= 3
~
&
-
< 21 i
:
O
1_ ..................................................................................
0 i i i i 1 i i
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

/R
Fig. 7.Circulation of the robot blade

The closest distance between the robot and thenehavall is set to 0.1 mm in simulations. Therefane slip
boundary conditions apply well for experiments tlae conducted in cm-scales. Moreover, according to
experiments conducted on natural micro swimmersrapdrted in literature, e.g. [1], electrostatifiiences are
important when the cells are closer than 20 nm fibm surface. The ratio of the length scales basedhe
proximity of the robots is 5000, hence, results t@ndeemed applicable for robots with 3.2 um inmdiger
swimming in a channel with diameter of 7.2 pm.

Other external forces, such as gravity, magneticef® and torques, electrostatic forces and randoowian
effects acting on the swimmer are neglected. Gawgrequations given subject to constraint equatiand
boundary conditions are solved with the finite-eéetnmethod (FEM), commercial Multiphysics softwalde
finite-element model consists of approximately 9@kahedral elements and 450K degrees of freeddw.lihear
system of equations is solved using the PARDIS®@cdtlisolver. For each specified position and bodygie phase
averaged velocities, forces, torques and efficemere obtained from the average of 12 angulatiposiof the
body varying between/6 and z. In total, 168x12=1536 three-dimensional simulations are perforineatidition
to mesh convergence studies for selected body'sadidl positions. Each simulation takes about 8 toinutes on
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a high end workstation with 12 cores operating .@ @Hz and sharing 96 GB or RAM. Fig. 2b shows tiesh
distribution when the distance between the robdtthe channel wallyy, equals 0.1 mm with the finest mesh.

1.2 T T
t—— 2 -
— Va/Vs
‘Z\ 06 ......... ......... ..... — ——VWS .
'g : ) —=-Ua*/Vs
—_— : [ RETREES UtV
2 04 AL i
(1)7,| V- ........ ........................................................ i
0 _,—':;-_;h_'_'_:":_ St e e skl kel s 2 el
0.2 i i i 1 L i i
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 il
/R

Fig. 8.Induced velocities

In simulations, radial position of each robot ie tthannel is varied between 0 and 8.9 mm, whidpégified only
in the z-direction with respect to the centerline of thamhel for y = 0 (see Fig. 2). Foy~ O, the axis of the robot
lies on the centerline of the channel, andrfgr 8.9 mm, the closest distance between the bodyttadhannel
wall, wg, is only 0.1 mm. In order to set the position @bt closer than 0.1 mm, restrictive constraintshenfinite-
element mesh are necessary for accurate solutMoseover, as results indicate any further increasdhe
proximity of the robot to the channel wall does obange the trend in the forward velocity, whicbhwdd go to zero
for the robots that adhere on the wall.

Experiments are performed with fifteen differensidas amplitudes to obtain the forward velocitytte# robot and
the rotation rates of the body. Experimental rasafe compared with the ones from CFD simulationsatidate the
CFD model, which is then used to predict the eftddhe radial position on the velocity, forces darhues acting
on the robot and the efficiency.

S h (=)

Inflow angle [deg]
W

Fig. 10.Inflow angle
Hydrodynamic models and numerical results indidht the forward velocity increases with the fragmeand

amplitude, but has an optimum for the wavelengthictv depends on other parameters such as the fsike body
and the length of the body. In the experiments,ftequency of the body rotation varies accordingh® torque
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balance for each body; therefore theoretical tream@snot discernible easily. The rotation frequen€yhe body
decreases with increasing number of waves andrtpitade due increasing viscous torque. Therefheetiody’s
rotation frequency and the forward velocity ar¢hair maximum values for each body according toctingent and
power constraints of the battery and the dc motor.

CL

/R

Fig. 11.Lift coefficient

In the experiments, maximum forward velocity is1l.r@m/s for the robot with a helical body that hasilBwaves,
3-mm amplitude, and rotating with the frequency20f9 Hz; the minimum forward velocity is 0.32 mnfids the
robot with 6 full waves and 4mm amplitude, for whithe body’s rotation frequency is the smallestvai, 0.89
Hz.

The frequency of rotations of body’s and bodieg/\ggnificantly between robots. Frequency of bodtations is
larger for body’s with small amplitudes (betweeB 4nd 8.2 Hz foB = 1 mm) than bodys with large amplitudes
(between 0.9 and 1.2 Hz f&= 4 mm). However, rotational frequency of the boidyprinciple, is expected to be
constant as long as the torque provided by the m@tmonstant. Variation in body rotation ratesiddee due to the
power-angular velocity relationship of the DC motand the varying distance between robots andhbarel wall;
part of the robot’s weight comes from the body amxteases with the actual length of the wire, whintreases
with the amplitude and the number of helical wavagthermore, exact radial positions of robots waiféicult to
measure in the experiments; it is expected thaitsotravel as close as possible to the channeldualito the weight
of the body. Moreover, the adhesion of the robottenchannel wall is not observed in experimerdsafl cases,
rotation of the body and the forward motion alwaysvailed. We used computational fluid dynamicsnimdel the
flow and obtain forward velocity and body rotaticate for observed body rotation rates in experiméat each
robot to confirm that the motion of robots is doated by hydrodynamic effects. In the experiments observed
that swimming robot travels near the channel wad tb body's weight. In the CFD model, the radadition of the
swimming robot is varied, and near wall resultswed in the validation of the model.

Experimentally obtained forward velocities are camgal with CFD simulation results in Fig. 3. In #ageriments,
it is observed that swimming robot is moving at leétom of the channel, but the distance betweerttiannel wall
and robots could not be determined.

When the distance between the channel and thesdab6t1 mm and 0.2 mm, velocity of the robots letdh from
simulations agree reasonably well with experimeraallts, particularly foB = 2 mm, 3 mm, and 4 mm (Fig.3b,
Fig.3c, and Fig.3d). WheB = 1 mm, simulation results for robots having aatise of 0.2 mm to the channel is in a
better agreement than the case for which the disté 0.1 mm, although the results are very cld®docities
obtained from CFD simulations for the robots trémglnear the wall with a clearance of 1 mm are eaimt higher
than the velocities obtained in experiments. THeortes are on the order of 1 mm/s, and the fastdst has 3 full
waves on its helical body with the amplitude (radid the helix) equals to 3 mm (R10 in Fig.3c).
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In the case of one-link swimmer with a helical boalyached to a permanent magnet reported in [2yaial
velocity of the swimmers is larger near the wadlrttat the center of the channel. Furthermore, adth@ one-to-
one comparison with the one-link magnetic swimngenot applicable because of differences betweeasraif
dimensions of heads and body in two cases, thesdserin velocities foB = 4 asN, increases is similar for both
cases.

Analytical studies show that, swimmers with helibaldy in unbounded fluids and in cylindrical chalsngave an
optimal value of wavelength that maximizes the sming speed. Based on an analysis using stokeHadpn [3]
presented that for the same rotational speed,gtimom number of waves that maximizes the swimnsipged is 3
for a swimmer withL/A and a/A equal 10 and 0.02, respectively, whérés the length of the flagellund is the
radius of the body and is the radius of the flagellum. Higdon [12] algated that the optimum number of waves
depends strongly on the geometry of the swimmerthaddecrease in the swimming speed for numberasfes/
greater than the optimum value is a result of teerebse in the efficiency, since the helical stmast lose their
slenderness as wavelength decreases.

Optimal number of waves that maximizes the swimnspged depends on the body geometry as shown irBFig
For B = 2, 3 and 4 mm, optimal numbers of waves are &n@ 1 (last result is according to simulations),
respectively.

WhenB = 1 mm, swimming speed shows a different trend tihe rest as rotational frequencies of body ardiybo
are smaller for robots R2 and R3 than R1 and RH#ef@nces in rotation rates can be attributed tatians in the
distance between the robot and the channel wall.

x 10° 2D Blade Image
10 "MR=02 : :
sl MR=044721( i i i
— /R =067023
6l MR=084721| i
riR = 0.96085

X (2D) [m] 0™
Fig. 12.2D Image of blade

In Fig.4, forward velocities are normalized wittettotational frequency of the body to eliminate dffect of the
frequency variations on the forward velocity, satthhe effect of the amplitude and the wavelengih be
identified. In fact,U/f, represents the stroke, which is the distanceskeavfor a full rotation of the body. CFD
simulations agree very well with experimental resplarticularly for robots swimming near the chdrvall with a
distance of 0.1 mm and 0.2 mm especiallyBor 2 mm.

According to experiments and near-wall simulatitie stroke,U/f, increases with the amplitude. Although the
simulation results predict that th#f increases witiN, for B = 1 mm, experimental results indicate that theranis
optimal value of the number of waves on the bodyg.(Ba). Simulation results agree with the expentaky
measured results in predicting that there are @btialues ofN;, for B = 2 and 3 mm (Figs. 4b-c), and tHaif
decreases witN,, for B = 4 mm (Fig. 4d).
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The effect of the radial position on the velocitiytbe robot is shown in Fig. 5, where the radiasifon of the
swimmer,rg,, is hormalized with the channel radil&;,. For all amplitudes and number of waves, the strizk
higher for robots closer to the wall than the oaethe center up to almost 30%; in particular witennormalized
radial positionrs/R., is about 0.4. Similarly, 30% increase in the fardvvelocity is observed for the one-link
swimmer as well forg/R., about 0.5 [1]. This improvement in the forward aaty can be attributed to the
reduction in the body resistance coefficient nbantall as discussed in Section results.

For radial positions greater than the optimal vahag corresponds to the minimum resistance obtiy, velocities
of robots decrease sharply due to increased slezarthe wall; it is plausible that expected velpdif the robot
goes to zero when the distance from the wall iswed limit, for which molecular interactions betwethe robot
and the channel wall as observed in experiments mitroorganisms [12].

Results also confirm that Brownian forces causeemariations for micro structures and organismsrswing near
the wall than the ones far away as reported inN&lr the wall small changes in the position cdagge variations
in the velocity, away from the wall since the vétgds fairly uniform, small changes in the posititead to small
variations in the velocity.

Fig. 13.3D Image of blade

In Fig. 5, it is also observed that the number ai/@s has a positive effect fBr= 1 mm (Fig. 5a), for which the
stroke increases with the number of waves foralial positions; although the increase with thaalggosition is
not as much foN, = 2 as other values of,. ForB = 2 mm, the stroke is the highest for all radiasipons in the
case of\, = 4, and the lowest folN, = 2; strokes are almost identical fdy = 3 and 6 at all radial positions (Fig.
5b). ForB = 3 mm, strokes are very similar for all numbewafves and radial positions; however the increaskeen
stroke with the radial position is not as pronouhas other values &f, than 6 (Fig. 5c¢). This is also the caseBor
=4 mm, for which the stroke fay, = 6 is significantly lower than others followed the stroke foilN, = 4, which
does not increase as much as it doed\fer 2 and 3 near the wall (Fig. 5d).

Furthermore, differences between experiments and €Sults in Fig. 4 can be attributed to, in p#nre actual
radial position of the robot for each body in tixperiments. Although the closest distance to thenokl wall is set
to 0.1 mm in the simulations, the distance of eatiot is expected to vary in the experiments. Tloeeg one can
conclude that robots travel closer to the chanradl for B = 3 and 4 mm, as experimentally measured velocities a
smaller than the ones predicted by the CFD modeesobots slow down as they travel closer todtennel wall
as shown in Fig. 5. The interpretation presented,f@so agrees with the weight of individual badhat increase
with the wire length (curvilinear length) of eacbdy, which is given by = [L? + 42°B*N,%]*?, whereL is the length
of the helix. As the weight of the robot increase® to increasing amplitude and number of waves atrerage
distance between the robot and the channel walt deease.

Normalized body rotation rates with respect to daguelocities of body are compared in Fig. 6. Sation results
indicate that the normalized body rotation rateréases with the number of waves and agree very wigtl
experimental results when the distance from the, wg) is between 0.1 and 0.2 mm. Furthermore Ber 2 mm,
simulation results fomy = 0.2 mm agree much better with experiments thanstmulation results for the rest do
indicates that R5-7 swim not very close to the waimulation and experimental results show thabatiog to the
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geometry of the body, the position of robots changat distance between robot and channel wallwsyd below
0.2 mm.

In Fig. 7, the body resistance coefficient, whishiHe ratio of the axial force on the body to tkilavelocity of the
robot, F, /U, is plotted against the radial position for eachotobsing the results of the CFD model. As the
number of waves and the amplitude of the helicalybimcrease, body resistance coefficients stay taohgor
center-swimming as expected, and indicate that hmmlameters do not have a significant effect onlibdy
resistance coefficient. However, as the radialtposincreases, body resistance coefficients dseréma minimum
value where the velocity of the robot almost readtemaximum (Figs. 5 and 7). As robots get furttieser to the
channel wall, the body resistance coefficient readb the same value as the one at the centee chdmnel.

For all amplitudes and number of waves, the bodistance coefficient takes a minimum value forribemalized
radial position of about 0.4. According to HappeldaBrenner , resistance of a small sphere travalisgle a
cylindrical channel reaches its minimum value formalized radial position nearly equals to 0.3cat Reynolds
numbers confirming the advantage of off-center swing.

Since the force-free swimming condition is applidy in thex-direction and the motion of the robot is restricie
other directions, resulting forces acting on theotcalong the radial direction (i.e. the negativéirection for y = 0)
are presented in Fig. 8 as a function of the ragésition. As the number of waves on the helicadyband the
amplitude increase, there is not a clear indicatiba net radial force on the robot fQy/R., values between 0 and
0.3. Occasional variations are attributed to loaster of accuracy in the calculation of forces thag accuracy in
the calculation of the velocity [17]; force calciitms are based on the stress tensor, which uséstiles of
velocity components, which are projected on to sdearder polynomials in the finite-element repre¢agan. In
order to ameliorate the problem finer mesh tharotiee used in the simulations is necessary; howfevehe three-
dimensional simulations presented here, any fuithprovement in the finite-element mesh remainsrastrictive,
and is not critical for the purposes of this work.

Body parameters do not have a significant effedthenradial force. As the robot gets closer towfadl, radial force
increases first up te,;= 0.2 mm, then a sudden fall and change of diragimbserved in Fig. 8 for all amplitudes
and wavelengths. Very close to the wall, ing.= 0.1 mm, thez-direction force becomes negative, i.e. the radial
force is positive, indicating a push towards thél wae to hydrodynamic effects only, when the roisoparallel to
the channel's axis. Based on this result and thghtvef the robot, adhesion of the robot on thencigh walls is
expected, but not observed in experiments. Theatlewi can be attributed to the effect of the oatioh of the
robot, a pitch angle, or a yaw angle, with respethe surface, may play an important role in ttegnitude and the
direction of the radial force when the robot isywetose to the wall. The increase in thédirection force is also
observed for the one-link magnetic swimmer in [@] the sudden fall is not observed.

Since the body and the body counter-rotate, laferaks on each link occur in opposite directidset positivey-
direction (also the tangential direction) forceigades that the rotation of the body dominatesfdinee due to the
rotation of the head (Fig. 8e - values are not shbere).

Torques acting on the swimming robot are calculatedFD simulations and presented in Fig. 9. Asrtbimber of
waves and the amplitude increase, magnitude ofattieie along the-direction also increases betwegfR., = 0

and 0.45. As the distance from the wall decreasgbdr, magnitude of the-torque decreases. The difference
between the-torque values of robots having different numbewaf/es on the helical body becomes discernible as
the amplitude of the helical wave increases (Fjgl®all cases, robots having bodys with 6 wavesadfected the
most from the net negatietorque consistent with experiments (Fig. 9). Lasdlysmall positive/-direction torque

is observed for all cases (not shown here) indigathat the body pushes itself away from the wadle( Fig. 9),
leading to a positive pitch angle as suspectetdrbehavior of the radial force near the wall.

Efficiency of swimming robots is calculated fromethatio of the rate of work done to move the roimothe
swimming direction and the rate of work done tatetthe body, as defined by Purcell for low Reyaaidmber
swimmers [14]. The net force on the robot in thection of its motion is zero, thus only the dragcé on the body
is considered for the work done in the swimmingediion, as also adopted in other studies for tlimitlen of the
efficiency of micro swimmers [15]. The net ratevadrk done by the rotation of the body is calculafedn the net
angular velocity of the body with respect to thelyaol hus, the efficiency of swimming robots is dbéal from:
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U [ om,ds
n — S)ody
Tx (('0 + Qb)
HereU is the forward velocitys is the stress tensar, is thex-component of the surface normaj,is the rotational

torque acting on the body in tledirection, w is the angular velocity of the body af) is the angular velocity of
the body.

Efficiencies of swimming robots are shown in Fi§. ForB = 1 mm, the efficiency of the robot increases with th
number of waves on the body and varies slighthhwéispect to the radial position of the robotn@reases with the
radial position of the robot up to a maximum aront forN, = 6 near the wall, then decreases with the further
increase of the radial position (see Fig. 10).

For B = 2 mm, there is a significant increase in the efficiy of the robot, compared Bb= 1 mm, about 0.35%
near the wall foN, = 3 orN, = 4, for which the efficiency is significantly z&r than folN, = 6 (see Fig. 10). Fd3
= 2 mm, number of waves (helical turns) that leadthéoleast efficient design is 2. The effect of thdial position
on the efficiency is clearly visible: there is gotimal position for robots for about,/R.= 0.44 (i.ewy = 1 mm).

ForB = 3 and 4 mm (Fig. 10 and 10), efficiencies are latiyan forB = 1 and 2 mm; about 0.6% f& =3 mm and
almost 1% foB = 4 mm. Fol\, = 6, efficiency remains almost constant with respe the amplitude and with the
radial position of the robot. F& = 3 mm, most efficient designs haMe= 2, 3 and 4 with slight changes in values,
and a cross-over between the values at the cemtenear the wall foN, = 2 and 4: the former is slightly more
(less) efficient at the center than the lattehatdenter (near the wall) as shown in Fig. 10.

Although the difference betwedt) = 2 and 3 is still very small, the distinction Wween the efficiencies of robots
with N, = 2, 3 and 4 is clearer f& = 4 mm. However, robots witl, = 2 is clearly more efficient than fo§ = 3, 4
and 6 in decreasing order especially near the wiadire the efficiency is almost 1% (Fig. 10d). Lasthe effect of
the radial position is very small for the robotiwiN, = 6: the efficiency remains unchanged for all poss except
very close to the wall, for which the efficiencyhéhits a decline as the radial position increases.

Overall, the pattern indicates that efficiency aases with the wave amplitude (radius) of helicalys. However,
the number of waves has a nonlinear effect: lamg@mber of waves for small amplitudes leads to highe
efficiencies, and vice versa. Moreover, the efficigis consistently larger for robots traveling meree wall than the
ones traveling at the center.

CONCLUSION

In this study, experimental and simulation resates presented for cm-scale autonomous swimmingtsabside a
viscous-fluid filled channel to mimic the swimmimd micro robots in aqueous solutions inside bloedsels and
other conduits. A computational fluid dynamics (QRBodel is used to solve three-dimensional Stokpsons
that govern the flow, and validated with experinseftorward swimming and body-angular velocitieshef robots
are measured in experiments and compared with Ce@ehresults for the same robots traveling at tgzbaitions
that vary between the center of the channel ananbnlaway from the wall in order to understand tfieat of the
radial position inside the channel. Simulation hesfor robots swimming near the wall agree veryll weéth
experimental results, where the robots swim vegy tige wall in experiments as well.

Swimming velocity and the efficiency of robots pesla radial position, which corresponds to 1 matadice from
the wall for all wave amplitudes and number of wavamost 25% increase in the efficiency is obsgriee the
robot withB = 4 mm and\,= 2 and traveling near the wall, compared to the with the same parameters traveling
at the center of the channel. Efficiency of theatsbincreases with the amplitude; however the eftécthe
wavelength is nonlinear: small wavelengths havédigfficiency at small amplitudes, or vice versa.

Body resistance coefficients of the robots are wated in CFD simulations, according to which tlesistance
coefficients decreases with the radial positiothefrobots up to almost 25% near the wall, comptydbe value at
the center. Furthermore, the body parameters, namelamplitude and wavelength, have a small etfadhe body
resistance coefficient of the swimming robots, wHiave significantly larger bodies compared to body

The radial force on the robot is negligible in ttege region of the channel, slightly negative taigathe center for
the robots closer to the wall before it changes sigd sharply increases when the robot is veryecioghe wall.
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The pull towards the wall can combine with the gsagnd increases the proximity of the robot to thannel wall
leading to its adhesion; however this is not obs@rin experiments. There is a slightorque that indicates the
robot may travel with a small pitch angle, whichyrfeve an effect on the radial force. It is parbaf ongoing
efforts to identify the role of orientation of thebot in the channel.
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Fig. 14.Performance curve of nanorobot propeller
CONCLUSION

Three-dimensional governing partial differentialuations of the fluid flow, Stokes equations, arévesd with

computational fluid dynamics (CFD) to predict vetms of robots, which are compared with experiraefar

validation, and to analyze effects of blade numpich and the radial position of the robot onsitimming speed,
forces acting on the robot and efficiency. Respitsszide valuable insight for the design of micrdots for in vivo

operations inside vessels, arteries and similay lwothduits. Swimming velocities of the robots stgiyndepend on
the geometry of the channel as well as amplitudkethe wavelength of the body as well as the raubsition of the
robot.
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