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| ecture Overview

* Scallop Theorem
* Bioinspired Swimming Strategies
* Fabrication and Control of Microswimmers

* Next week: Elasto-magnetic Actuators and Machines




summary of Magnetic Control Methods
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Physics of Swimming

* Moving through a fluid is affected by two fundamental phenomena

— Inertial effects: Moving (i.e. accelerating] the fluid away from where we want
to be

— Viscous effects: Overcoming the friction between the fluid layers that are
moving with us and those that are not
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Navier-Stokes Equation

* The Navier-Stokes equations is a formulation of Newton’s second law
applied to a fluid to describe its motion

— For an incompressible Newtonian fluid:

unsteady Viscosity
acceleration term

oV ]
p(E+V-VV)=—Vp+uV \Y

Convective  Pressure
acceleration gradient




Reynolds Number

* The Reynolds (Re) number is a dimensionless number that describes the
relative importance of inertial and viscous effects:

pUd\ dV _ e
( ) = —-Vp + V<V o | ;
u /Jdt where p is fluid density (kg/m?3)
5 U is characteristic speed [m/s]
Re = & & is characteristic length [m])
U s fluid viscosity [Ns,/m?)

* Re << 1: Viscous forces dominate Inertial Forces
* Navier-Stokes becomes time-independent (Stokes Flow]

Vp = uv?Vv




Intermediate Reynolds Number

* 1<Re<1000

 Both viscous and inertial effects
play an important role.

* Examples:
— Insect flight

— Micro aerial vehicles [MAV)

Drosophila melanogaster




Stokes Flow

— Describes the drag force on a sphere in Stokes flow
2R

F = 6muRV
= 61
s ’ Eimg @ 4

— The force is linearly proportional to the radius of the object

— Microsphere (R =1 um, p = 10* kg/m?3) being pulled through water
(u=10°Pa-s, p =103 kg/m3) at a speed of V=10 um/s

F =F, =DV =20pN

pull drag




Stokes Flow

Y994

Velocity of the sphere |4
— Behaves like a critically damped system A
D Vo
Vi)=V,expyi——¢
m

D

2R
= @—> v
Coasting distance and time

dcoast :JV(t)dt:V()%zzlo_llm tcoast zZ,uS
0

Coasting distance is only d....; = 10° of the sphere’s radius!
Steady state is reached almost immediately




Swimming at low Reynolds Number

Bacteria swim at Re = 104 in water

\What thg bactgmum IS domg at the V= 30 /u/m
moment is entirely determined by the _
forces that are exerted on it at that N=1 centipoise V= /3° er/sec
moment and by nothing in the past

Q = Jx /0

Reciprocal Motion

— Time makes no difference % coasling distance = 0./ /4

— If I change quickly or slowly, forward
or backwards, the pattern of motion
Is exactly the same

coasting Fime = 0.3 ricrosec,

The Scallop Theorem
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Swimming at low Reynolds Number

* A micro-swimmer must generate non-reciprocal motion in order to
produce a net displacement (in Newtonian fluids]

* More than one degree of freedom is necessary to create non-reciprocal
motion

* Example: a swimmer with two hinges
— Depends on set of configurations

¥A\_,,—\B A >
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Reciprocal: ABCBABCBA Non-Reciprocal: ABCDABCDA
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Swimming at low Reynolds Number (video]

* Reciprocal motion

— No net displacement after one
cycle

— Rigid oar moving left and then
right

* Non-reciprocal motion

— Net displacement after one
cycle

— (One rotation around helical
axis
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Bioinspired Swimming

* Eukaryotic flagella (a)
— Active organelles which create traveling waves
— Swimming direction can be reversed by reversing the direction of the wave
* Head-to-tall
* Tailto-head (a)
* Bacteria flagella [b]
— Molecular motors turn the flagella

. Cilia (c) .)[0,’6’5,\ Y__
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— Active organelles

— Held perpendicular during the power strol wer Stro,
— Parallel during recovery stroke ©) # . (@
h
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Bioinspired Swimming

e (One-sided actuation

— “Flexible oar” (a]

* There exists an optimum in tail
elasticity and length

* Too short & rigid

— “Scallop theorem”
* Too long & elastic

— Increased drag

— Use of varying magnetic fields (b-c]
* Magnetic field creates a torque on
a magnet
* By varying the field, the torque is a
function of time

* Induces a waving motion to the
following tail
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Bioinspired Swimming

* Another plausible solution is trying to
recreate helical swimming, with rotating
magnetic fields

' -

* Helical propeller (b)

— A helical tail can be attached to the
“head” of the microrobot _
— The interaction between the magnet

and the field causes the magnet to
rotate

— Swimming velocity is linearly related
to the field frequency, up until a step-
out frequency

* Velocity decreases dramatically
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Bacterial Flagella

filament flagellin

(~10 pm length) polymerization

non-flagellin \/_\'/\/
substrate -

£~ flagellin FIiD

y :} F|gK FlgL (filament cap)
‘f (hook-filament junction)
/ filament elongation
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Flagellar Motor

Stator complex (Mot A and Mot B]- Rotor ring (C ring) - Axial driveshaft (rod] -
Universal joint (hook] - Helical propeller [filament)

Flagellum

Cap

Flagellum Junction

l‘ B
'Mg.?"“z? -

'y '..,'. AARK S

surface Hook

Rotor
: ; Rotor sites
L-ring —————— g s Periplasm
Outer Membrane g
Peptidoglycan P-ring —— : B ]_ SN .
|
|
- — =< |
MotB _; | | O , [
< " Y C I | ot o 4 |
Inner Membrane MS-ring ———— Sk ytopasrn/ L] |
Cytoplasm ’ , / Stator |
g;f;faliieng_ yiop C-ring — Outlet /‘L/ _______ S
surface NEE0S0 0000 (] channel Stator charge
FIiN ¥Shaft
FliM

Torque is generated at the interface between transmembrane proteins (stators) and rotor
Passage of ions down a transmembrane gradient through stator complex provides energy
Each revolution 1200 protons, each contributing BkgT, 26 steps per revolution, up to 300Hz

17



Mechanism of Torque Generation

Torques of motors from different bacteria (torque correlates with swimming speed]
C. Crescentus: 350 pN.nm, E.coli: 2000 pN.nm, H. pylori: 3600 pN.nm,
spirochetes: 4DDD pN.nm

A Stator Stator

1
/Q
~%

Structural adaptations of flagellar motors
Salmonella 11 stator complexes VIbI“ID 13, C. jejuni: 17

V. fischeri WT C. jejuni WT
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Mechanism of Torque Generation

B 5000 - —
S P
&\‘5\ //
4000 & u W o
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~2200+ pN nm

~3600 pN nm ~4000 pN nm

Observed maximum torque (pN nm)

|
1000

2000

3000

|
4000

Calculated maximum torque (pN nm) =
(lever radius, nm) x
(unit stator force, pN) x
(number of stator complexes)

Vibrio fischeri

Salmonella Campylobacter jejuni

Borrelia burgdorferi

The stator number and increasing wider C-ring in each motor correlate with the generated

tO rq ue f Mechano-adaption
/'\
Load
A single stator complex exerts 7.3 pN change
Lever contact point ©
Salmonella: 20nm, Vibrio: 21.5nm, Spirochetes (30.5nm]
High load Low load
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Bacterial Flagellum: Optical Traps
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Bacterial Flagellum: Macroscale Models

A Thrust B Torque stepper C Drag
motor
Ioalclj F&'—-—;&‘_\ ] translation
e~ .| torque stage
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Bacterial Flagellum: Theoretical Analysis

Table 1. Parameters of flagella for several species of bacteria
[the filament radius a is typically 0.01 pum (20)]

Organism (ref.) R, pm A/R L/A
Caulobacter crescentus (21)

Wild type 0.13 83 6
Escherichia coli (10)

ccw 0.195 + 0.025 11 2.8

Stopped 0.210 + 0.025 11 2.7
Rhizobium lupini (22)

Normal 0.250 + 0.015 54 4

Semicoiled 0.385 + 0.020 29 3

Curly 0.135 + 0.020 94 5
Salmonella (23)

Wild type 0.210 + 0.005 11

Curly mutant — — 1

Tumbling mutant 0.145 + 0.005 7.6

Resistive Force Theory
Slender Body Theory
Regularized Stokeslet Theory
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Swimming at low Reynolds Number

1,.:
AN
Fi”’“fﬁn\///\\vw S A /\i\? N

N=Cv+ Do
('A B ) | . |
CD Propulsion Matrix (Resistance Matrix]

* Thin, perfectly stiff, untwistable axial wire /Q

* The constants of the propulsion matrix are proportional to the fluid
viscosity and depend only on the shape and size of the propeller

* The torque and force on the cell must be equal and opposite to the
torque and force on the propeller
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Navigation
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Navigation




Taxis Behavior

Shear
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: : Chemical :
S—- — gradient
Drift Swimming
ya Velocity direction
= ¢
7 i J
Elongated ) Chiral Chemotactic f Bottom-heavy ’
microbe microbe microbe 4 S microbe :

—fwojea pinyy —

}f
tt

26



Helical motion of the cell body

* Uniflagellated Caulobacter crescentus display two modes of
swimming motility
* Forward mode: Cell body is tilted wrt the direction of
motion (precession due to flexible hook]
* Reverse mode: Precession is smaller and the cell has a
lower matility

A
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Elastic Instabilities and Changing Direction

Vibrio a/g/holyt/bus ension (backward) g Compression (forward)

1 Hm Motor Head Flagellar filament e E

0000 ms

0000 ms [Na]=3mM

raw video

28



Elastic Instabilities and Changing Direction

a Run-tumble pattern b Run-reverse-flick pattern C Run-reverse pattern
Reverse

ccw
- My
Tumble ﬂ> Reverse
ccw /
CCW
o LH
& LH
LH
Reverse ! Flick
ccw E | .
v | Pt ccw
LH Stretched .
| Buckling LH
hook ! r'— hook
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Elastic Instabilities to Escape from Traps

S. putrefaciens

Direction of
movement

L

Thrust A static contact point
—
W@N\
—_—

55ms 60 ms 80 ms 90 ms 100 ms
-
cw (J /3 (&
2 um 2 um 2 um 2 um 2 um
Motor
rotation/\%w
°
S o
Torque 3=
25 oz
oS =1
5" 33
] ‘ Thrust 29
Y \ Trapped Screw thread
Cell body A
rotation ) CCw -« \ 4
w ccaw

N

Escape

L~
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Elastic Instabilities to Escape from Traps
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Corkscrew Motion with Artificial Microswimmers
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Self-scrolling

i m- Crlayer InGaAs/GaAs sacrificial Cr/Ni/Au
bilayer layer films

_ (h1+h2)(8(1+m)2+(1+mn)(m2+%))

- 6£(1+m)2 m=h;/h>
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Growing on Seed Material

Pd/Cu rods
Cu etching
Ni coating on Pd nanospring

A Spiral Xylem Vessel

l

Ti/NiDeposition

y
Dicing
VAVAWAVANWAVAWAVAYAVAVW AV AW A VAN
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Direct Laser Writing

fs laser pulse

microscope
objective

monomer
developed

polymer

substrate

bilayer
coating

Nanometer scale resolution
Nickel evaporation for magnetization
Titanium evaporation for functionalization

Substrate
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3D Printing of Nanocomposites

¥ 0 AAAAA O POCOC! ©

b)
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Glancing Angle Deposition

b

/ Vapour flux

) |
2> _&d‘q\&'
! 4
I\a 2 Q‘&Q
7
(@) Substrate (b)
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3D Printing and Electrodeposition

(e)

3D photoresist template
Fill with electrodeposition
Magnetic head
Polypyrrole Talil
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Compressive Buckling of Silicon

Form 2D precursor
structures; stretch the
assembly platform

€ max—ribbon (%)

bonding; release the

Transfer with selective
assembly platform

0 70

R e

ZEn0)
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4D Printing

Swelling

Ae(1 +m)?

6
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Origami and Kirigami with Hydrogels

= = Wl

AN DD

Kim etal, Science, 2012

Klein etal, Science, 2007

v_“Activalian" of the metric
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Programmable self-folding

* Differential Swelling via Particle Gradients

a UV light Machine body
Photo-mask \

Magnetic A\ \' \H‘@ MNPs
field

Hydrogel
b Microorganisms Artificial Microswimmers
C. crecentus B. burgdorferi : \
H. pylori :
~© :VM ;, 1 mm
Al =
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Artificial Microswimmers

(a) R
PR W
v( R >
Tw T =vM x B
F,u<9—‘\."\.‘

Zhang, APL, 2010
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Propulsion Matrix

Linear relationship between force F, torque T, velocity u and rotational

(6

Measuring the parameter of the propulsion matrix
* (ravity compensation
* Freefall
* Horizontal swimming

a by (15107 1.6-107"
b c¢) (1.6:10™ 1.5-107"
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Propulsion Matrix

F=au+b-o (1)

Experiment 1: Vertical balancing (u = O]
* ABF in vertical position
* Propulsive force equalizes the external forces (gravity & buoyancy)

P;xt = _Fgrav + F}moy ?

r=b-u+c-o (1) w \

J
pota &
J

Experiment: tune w until ABF does not move out of focus anymore
e F,=-5110"3N, w =31 rad/s

b=-1.6-10"3N-s
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Propulsion Matrix

Experiment 2: Vertical free-fall [t = O]
* ABF in vertical position

0

«  Freefall veloci
ree-ra VBDCIty <0 J
4
F=au+b-o (i) - J
r=bu+tc-o (i e h)
u<0]

Experiment: switch off actuation and record speed
 w=-0.28rad/s

c=2.3-10"12 N's'm

v
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Propulsion Matrix

* Experiment 3: Horizontal swimming (F = O]
* ABF in horizontal position

Faxt :O

b
F=au+b-o (i) u=-—0 '
/@/
r=bu+c-ow (1) — e |7
=m //'6

> W

* Experiment: drive ABF at different frequencies and record velocities
* Extract slope m of the linear w-u relationship
* m=1110-7 m/rad

a=1.510"N-s/m




Gravity Compensation

* Density depends on material choice
* Moving up against gravity

Thrust
Thrust VeIocuty
Thrust,
Velocity Veloclty
Welght Welght
(a) Neutrally buoyant swimmer (b) Heavy swimmer (c) Gravity compensation

(d) Experiment without gravity compensation (e) Experiment with gravity compensation
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\Wobbling Motion and Drift

Bacteria swim in circles near
planar surfaces

NN NN N NN

Huang et.al., APL, 2014 oy (72
\| -

top
y

bottom

600 um 2014-03-04 16:47:30
yaw:-90° pitch:10° theta:1® 2.3Hz 9mT En’
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Step-out Frequency

* \When the applied magnetic field rotates sufficiently slowly, the robots
synchronously rotate with the field
* There exists a rotation frequency above which the applied magnetic
torgue is not strong enough to keep the robot synchronized with the field
* Step-out frequency

* Step-out frequency depends on (b) 60- —A—1mT
* Robot magnetization 504 _—O_:g 21
* Friction -
* Field strength o
, . . . £ 30+
* Robot’s velocity rapidly declines =2
> 20-

when operated above step out frequency
10+

0

50



The role of tail geometry
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)
Elastohydrodynamic Coupling i\

ECOLE POLYTECHNIQUE
FEDERALE DE LAUSANNE

Viscosity Frequency

(mPa-s) (Hz) 25 ms 50 ms 75 ms 100 ms 125 ms
3 2 7 ~ ~ V4 —\@—»
15 2 > e Pt -— e
15 4 — A — o — | —

d Low viscosity High viscosity
Sperm Number ‘45’ 4_5
1/4 '
K seere o
v
P / (g.l w) 4 :> o
. | < 7

Bending rigidity vs viscous drag
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Swimming with helical bodies

Head bundle

Tail bundle

Spirillum volutans

Filament motion

Body motion

Outer
membrane
motion

Treponema primitia

Leptospira illini

ANAAA —

Borrelia burgdorferi
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Delivering drugs with microrobots

Superstructure Composite Swarm
Drug @ :
Polymer chassis ¢
W Whca
7y -7 % microrobot : Helical microrobots
Helical microrobot O O_o—Nanoparticle -
and interlocking A E o OO - 00 C@O o
» polymer chassis Nanowire- - QO o Polymer o @
polymer . ) Nanoparticles
chain N -
="
—
Helical microrobot Nanowires

— Catheter

Deployment

Navigation

tissue

Magnetic microrobots

Various microrobot designs, including
superstructures, composites, and
swarms, have been fabricated, but a
key issue is tracking and navigation.
These challenges could be overcome
by using magnetic materials, allowing
clinical applications.

Electromagnetic
navigation system

54



Microtransporter (contact mode]
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Microtransporter (non-contact mode]

= Compartmentalization (robot and payload]
= Fluidic coupling

Micro-sphere
Initial Position Micro-sphere

Final Position

Flow-field

56



Active Transport at Low Reynolds Number

o . 4 14
= oz F -
: I

0 100 200 300 400 500 6000 400 800 1200 1600
Flow speed (1tms™') Flow speed (1.tms™)
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Generating Mobile Microvortices

Vp = nV2U + f,

O CoNi alloy
magnetization, > A

direction
SU-8

100 pm

rotation around
the long axis

microrobot
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Mobile Fluidic Traps in 3D

(a) Loading (b) Releasing

75 5
\_L/%
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3D Printing Compound Machinery

Sacrificial
Component

Archimedean Screw
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Active Transport at Low Reynolds Number

Forwards Backwards

! | (IH) -




Passive vs Triggered Release

Mass balance/diffusion equation

aC
—— = DV2C; - VC;v + R;

ot
Diffusion Convection Chemical
reactions

Diffusion control

o,

~DV2C.
4 ~DV2(;

Degradation control

aC; ~
ot

R;

. Bioactive agent

/Q'J Crosslinked hydrogel

Mass balance/diffusion equation

C; )
WZDVC,' —VCI'V +Ri

Non-zero
convective term

External energy source (for example,

ultrasound or electric field) » Heating

« Accelerated
degradation
« Accelerated
dissociation
« Convection

Trigger off

Macroporous scaffold « Accelerated

degradation
« Convection

Collapsed pores

Trigger on

Trigger off

hOpen pores
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Passive Release of Encapsulated Payload

O
-

(a) u ( Hydrogel
] < Precursor 0 OH o
Q Soluti o]
g | olution ] = M \/u\o OJK/
K IEREE = D'-";Pege‘j \'”0‘/*5?\ PE-TA 0 Glass
= €304 \ g
3 w \ /\%“ 9(:6‘0‘x O)\/ Wafer

c \ y ; 7 \ : -~
; WAAAMS NAARAT.

) () Lipoplex E ‘

= ABF surface % Cross-Linked Hydrogel Near-IR Femto Second et T Laser Focus
= 20 um Microrobot Pulse Laser Trajectory

(b) i £-ABF d) Visible Light 0.0 h
1® & : “ -
> .
& .
2 & = j) Visible Light 4.0 h*
3.% % % L
Target
]
.

* Loading capacity: surface area vs volume
* (One material for everything: form, magnetization, reservoir




Colloidal Self-Assembly of Magnetic Micromachines

* Viscous vs magnetic forces: Mason Number

12°nw
Ma=

/u'O/-Lst

* Dynamics does not depend on volume fraction at low Mason
number

* (Critical Mason number

* Shape of the assembly depends on the frequency and field
strength
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