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Lecture Overview

• Scallop Theorem

• Bioinspired Swimming Strategies

• Fabrication and Control of Microswimmers

• Next week: Elasto-magnetic Actuators and Machines
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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:
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Reynolds Number

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

• Re << 1: Viscous forces dominate Inertial Forces

• Navier-Stokes becomes time-independent (Stokes Flow)
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where  ρ is fluid density   (kg/m3)
 U is characteristic speed  (m/s)
 𝛿 is characteristic length  (m)
 µ is fluid viscosity          (Ns/m2)



Intermediate Reynolds Number

• 1 < Re < 1000

• Both viscous and inertial effects 
play an important role.

• Examples:

– Insect flight

– Micro aerial vehicles (MAV)
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Drosophila melanogaster



Stokes Flow

– Describes the drag force on a sphere in Stokes flow

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

– Microsphere (R	=	1	μm,	ρ	=	104	kg/m3) being pulled through water 
(𝜇=10-3 Pa⋅s , ρ	=	103	kg/m3) at a speed of V = 10 μm/s

8

𝐹"#$% = 6𝜋𝜇𝑅𝑉
!!

Vm!"#$%



Stokes Flow

• Velocity of the sphere

– Behaves like a critically damped system

• Coasting distance and time

• Coasting distance is only dcoast = 10-5 of the sphere’s radius!

• Steady state is reached almost immediately
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Swimming at low Reynolds Number

• Bacteria swim at Re ≈ 10-4 in water

• What the bacterium is doing at the 
moment is entirely determined by the 
forces that are exerted on it at that 
moment and by nothing in the past

• Reciprocal Motion
– Time makes no difference

– If I change quickly or slowly, forward 
or backwards, the pattern of motion 
is exactly the same
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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
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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-tail
• Tail-to-head

• Bacteria flagella (b)
– Molecular motors turn the flagella

• Cilia (c)
– Active organelles

– Held perpendicular during the power stroke

– Parallel during recovery stroke
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Bioinspired Swimming

• 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
– 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
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Flagellar Motor
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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 6kBT, 26 steps per revolution, up to 300Hz

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



Mechanism of Torque Generation
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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: 4000 pN.nm 

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



Mechanism of Torque Generation

19

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

A single stator complex exerts 7.3 pN
Lever contact point

Salmonella: 20nm, Vibrio: 21.5nm, Spirochetes (30.5nm)

0123456789();: 

number over a timescale of a few minutes57,62. Conversely, 
low torque decreases the lifetime of motor-bound stator 
units. This process enables the motor to adapt its torque 
output to the demand placed on it by external load by 
modifying its composition.

Swimming of bacteria with helical cell bodies
In contrast to rod-shaped cells, helical bacteria can gen-
erate part of the thrust by the rotation of the cell body 
itself. These can be further split into two groups: cells 

with external flagellar filaments and cells with internal 
filaments. The hydrodynamics of propulsion with a hel-
ical cell body are the same as those of propulsion using 
helical flagella, but the specific mechanisms driving 
propulsion differ (FIG. 1g).

Swimming by rotation of external flagellar filaments. 
Aquatic bacteria of the genus Spirilla are an intriguing 
model for flagellum-driven motility, with their unique 
shape and propulsion mechanism63. However, despite 
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Proton motive force
The electrochemical gradient 
of protons across a membrane 
due to a combination of the 
membrane potential and  
the concentration gradient of 
protons. Protons driven down 
this electrochemical gradient 
energize various cellular 
processes, including flagellar 
rotation, ATP synthesis and  
ion transport.

www.nature.com/nrmicro
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Bacterial Flagellum: Optical Traps
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Bacterial Flagellum: Macroscale Models
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Bacterial Flagellum: Theoretical Analysis 
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Resistive Force Theory
Slender Body Theory
Regularized Stokeslet Theory



Swimming at low Reynolds Number

• Thin, perfectly stiff, un-twistable axial wire
• 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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Propulsion Matrix (Resistance Matrix)



Navigation
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Purcell, AJP, 1977



Navigation
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Taxis Behavior
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Helical motion of the cell body
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• 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 motility



Elastic Instabilities and Changing Direction
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Vibrio alginolyticus



Elastic Instabilities and Changing Direction
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Figure 2
Swimming patterns of !agellated bacteria. (a) The paradigm run-tumble pattern of Escherichia coli. Ef"cient movement is achieved only
during the pushing mode, when the !agella are rotating counterclockwise. When one or more !agella switch to clockwise rotation, the
corresponding "lament will become right-handed and leave the bundle, which induces reorientation of the cell body. (b) The run-
reverse-!ick pattern described for some species of Vibrio, Caulobacter crescentus, and Shewanella putrefaciens. Cell realignments are
triggered by buckling instabilities of the hook structure upon the switch from pulling to pushing mode. (c) The run-reverse pattern
observed for some Pseudomonas species. Reorientation of the cell body occurs during pauses between runs. Recent studies demonstrate
that more effective reorientation can be induced by wrapping and unwrapping the !agellar "lament(s) around the cell body. In contrast
to peritrichous E. coli, monopolarly !agellated species can ef"ciently move toward a target during both pushing mode and pulling
mode. Solid arrows indicate forward swimming (pushing), and dashed arrows indicate backward (pulling) movement. Abbreviations:
CCW, counterclockwise; CW, clockwise; LH, left-handed; RH, right-handed.

clockwise (Figure 1c). Backward swimming was found to be even faster than forward movement
(63). Thus, a rotational switch from counterclockwise to clockwise results in a 180° reversal. For
directional changes other than reversals, the cells have evolved a mechanism that exploits an in-
stability of the hook structure, which connects "lament and motor. Backward swimming with the
!agellum pulling the cell stretches the hook structure. When the cell switches back to coun-
terclockwise rotation, the sudden pushing of the !agellar "lament results in compression and
buckling of the hook, which in turn effectively reorients the cell body at an angle of about 90°,
depending on cell size and speed (100, 106). In addition to the mechanism of cell reorientation, the
chemotactic behavior of V. alginolyticus is different from that of E. coli. First, it is proposed that a
fast chemotactic response to changes in chemical signals allows the cells to quickly correct a wrong
turn that points down instead of up a chemoattractant gradient (3, 102). In addition, for a bidirec-
tional swimmer likeV. alginolyticus, it does notmatter whether the target is approached in a forward
or backward direction. Accordingly, V. alginolyticus increases the duration of runs upon positive
stimulation in both directions (118), and thus it outperforms E. coli with respect to chemotactic
speed. Such run-reverse-!ick maneuvers are likely prevalent in polarly !agellated marine bacte-
ria, such as V. alginolyticus or Pseudoalteromonas haloplanktis, and enable the cells to ef"ciently roam

354 Thormann • Beta • Kühn



Elastic Instabilities to Escape from Traps

30

S. putrefaciens
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a similar behavior: Upon switching from pushing to pulling mode, the !agellar "lament or "la-
ment bundle would wrap around the cell in a spiral-like form and continue to rotate around the
cell body, in “a motion like that of a ribbon streamer in rhythmic gymnastics” (48, p. 838). The cell
body itself rotated in the opposite direction (Figure 3b). In all cases, the wrapped "laments would
unwrap from the cell body to point away from the cell upon switching the direction of swimming,
showing that the wrapping is a reversible process. In P. aeruginosa, !agellar wrapping appears to
occur upon switching from clockwise (pulling) to counterclockwise (pushing) rotation (110). The
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Figure 4
The physiological roles of !agellar wrapping. (a, Top) Screw thread motility enables cells to escape from traps and move through
narrow, structured spaces (see also Figure 3c). (Middle) The unwrapping of a "lament or "lament bundle realigns the cell for more
ef"cient navigation. (Bottom) For bipolarly !agellated species, wrapping of the "lament at the leading pole enables ef"cient, straight
movement. Cellular realignments during wrapping or unwrapping bene"t directional changes and navigation. Black arrows indicate the
direction of the cell’s movement. (b) Screw thread motility might enable cellular drilling. The tomography image of a cell of a yet
unidenti"ed species invading an epithelial cell with the !agellar "lament (yellow) wrapped around the cell body (green). Image provided
by Mark Ladinsky and Pamela Bjorkman (Caltech, California, USA). (c,d) Pseudomonas putida cells alternate between a fast pushing and a
slow reverse wrapped mode, which bene"ts spreading of the cells (see also Figure 2). (c) Cell speed (v, black) and absolute value of the
angular velocity (|ω|, blue) over time. The red triangles mark the time points of the speed-change events. (d) Swimming pattern of
P. putida cells in the push mode (solid arrows) and the wrapped mode (dashed arrows). Abbreviations: CCW, counterclockwise; CW,
clockwise; LH, left-handed. Panel c adapted from Reference 108.

constricted environments, such as a polysaccharide matrix. Notably, both V. !scheri and Burkholde-
ria sp. RPE64 are endosymbionts of the internal crypts of the bobtail squid’s (Euprymna scolopes)
light organ and of the lumen of the midgut crypts of the bean bug Riptortus pedestris. This requires
active movement of the cells through mucus-"lled ducts (81, 104, 114), and it was therefore
proposed that !agellar wrapping facilitates the establishment of a persistent association (48).
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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
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Growing on Seed Material
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Pd/Cu rods
Cu etching 
Ni coating on Pd nanospring



Direct Laser Writing
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Nanometer scale resolution
Nickel evaporation for magnetization
Titanium evaporation for functionalization

glass

SU-8
or IP-L

Ni/Ti 
bilayer 
coating



3D Printing of Nanocomposites
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Glancing Angle Deposition
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3D Printing and Electrodeposition
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3D photoresist template
Fill with electrodeposition
Magnetic head
Polypyrrole Tail 



Compressive Buckling of Silicon
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4D Printing
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Origami and Kirigami with Hydrogels
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Kim etal, Science, 2012
Klein etal, Science, 2007



Programmable self-folding
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• Differential Swelling via Particle Gradients



Artificial Microswimmers
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Zhang, APL, 2010

T = vM×B



Propulsion Matrix

44

• Linear relationship between force F, torque τ, velocity u and rotational 
speed ω

• Measuring the parameter of the propulsion matrix
• Gravity compensation
• Free-fall
• Horizontal swimming
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Propulsion Matrix
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• Experiment 1: Vertical balancing (u = 0)
• ABF in vertical position
• Propulsive force equalizes the external forces (gravity & buoyancy)

• Experiment: tune ω until ABF does not move out of focus anymore
• Fext = - 5.1·10-13 N, ω = 31 rad/s
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Propulsion Matrix

46

• Experiment 2: Vertical free-fall (τ = 0)
• ABF in vertical position
• Free-fall velocity

• Experiment: switch off actuation and record speed
•  ω = - 0.28 rad/s
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Propulsion Matrix
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• Experiment 3: Horizontal swimming (F = 0)
• ABF in horizontal position

• Experiment: drive ABF at different frequencies and record velocities
• Extract slope m of the linear ω-u relationship
• m = 1.1·10-7 m/rad
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Gravity Compensation
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• Density depends on material choice
• Moving up against gravity



Wobbling Motion and Drift
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Huang et.al., APL, 2014

Bacteria swim in circles near 
planar surfaces



Step-out Frequency
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• 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 
torque is not strong enough to keep the robot synchronized with the field
• Step-out frequency

• Step-out frequency depends on
• Robot magnetization
• Friction
• Field strength

• Robot’s velocity rapidly declines 
when operated above step out frequency 



The role of tail geometry
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Elastohydrodynamic Coupling

52

Sperm Number

Bending rigidity vs viscous drag



Swimming with helical bodies

53
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number over a timescale of a few minutes57,62. Conversely, 
low torque decreases the lifetime of motor-bound stator 
units. This process enables the motor to adapt its torque 
output to the demand placed on it by external load by 
modifying its composition.

Swimming of bacteria with helical cell bodies
In contrast to rod-shaped cells, helical bacteria can gen-
erate part of the thrust by the rotation of the cell body 
itself. These can be further split into two groups: cells 

with external flagellar filaments and cells with internal 
filaments. The hydrodynamics of propulsion with a hel-
ical cell body are the same as those of propulsion using 
helical flagella, but the specific mechanisms driving 
propulsion differ (FIG. 1g).

Swimming by rotation of external flagellar filaments. 
Aquatic bacteria of the genus Spirilla are an intriguing 
model for flagellum-driven motility, with their unique 
shape and propulsion mechanism63. However, despite 
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Proton motive force
The electrochemical gradient 
of protons across a membrane 
due to a combination of the 
membrane potential and  
the concentration gradient of 
protons. Protons driven down 
this electrochemical gradient 
energize various cellular 
processes, including flagellar 
rotation, ATP synthesis and  
ion transport.

www.nature.com/nrmicro
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Delivering drugs with microrobots

54
1120    8 DECEMBER 2023 • VOL 382 ISSUE 6675

G
R

A
P

H
IC

: N
. B

U
R

G
ES

S
/S

C
IE

N
C

E

By Bradley J. Nelson and Salvador Pané 

 M
ore than 90% of drug candidates 
fail during clinical trials. There are 
many reasons for failure—lack of 
efficacy, poor material properties, 
and a lack of commercial need. 
Notably, ~30% of drug candidates 

fail clinical testing owing to unmanage-
able toxicity, which is usually caused by the 
systemic delivery methods that most drugs 
require (1). What if this unmanageable tox-
icity could be improved, for at least some of 
these drugs, by ensuring that they are deliv-
ered precisely to the location of the disease 
and not throughout the entire body? This is 
the promise of microrobots—physically tar-
geted therapeutic delivery by cargo-carrying 
micromachines. The potential applications 
of microrobots could allow the reconsid-
eration of drugs that have been abandoned 
because of toxicity and encourage drug de-
velopers to pursue new chemistries.

A primary motivation to create micro-
robots, small devices ranging from several 
nanometers to submillimeter sizes that pro-
pel through body fluids and tissue to speci-
fied locations, is to overcome the limitations 
of how drugs diffuse throughout the body. 
Slow diffusion rates represent the same 
evolutionary pressure that microorganisms 
respond to in developing their locomotion 
strategies. The power stroke that the cilia 
of paramecia exhibit, the traveling wave 
of eukaryotic flagella such as spermatozoa 
tails, and the fascinating rotary motors that 
flagellated bacteria such as Escherichia 
coli evolved, all help these microorganisms 
move toward locations in their environ-
ment that are more favorable to survival 
(2). These locomotion strategies solve pro-
found engineering challenges that exist 
owing to the vastly different physics that 
predominates at small scales. Therefore, 
many of the microrobots created thus far 
have been inspired by motile microorgan-
isms such as Trypanosoma brucei, which 
changes its morphology when it needs to 
swim, and E. coli (3). Rather than moving 
toward locations to prolong survival and 
help ensure reproduction, microrobots are 
designed to move to the source of disease, 
such as blood flow–blocking thrombi or 

malignant tumors, where they can then re-
lease drugs that will have a highly toxic yet 
localized therapeutic effect. 

Progress in shape-changing soft mate-
rials during the past two decades has led 
microroboticists to engineer and fabricate 
motile devices that use complex mecha-
nisms for propulsion. Examples of these 
include spring-mass systems that can glide 
across surfaces to harvest biomaterials, 
nanofilament-based motors with flexible 
joints that replicate the undulatory propul-
sion of flagella on spermatozoa, and light-

induced motion that mimics the peristaltic 
movements of worms (4). More advanced 
vehicles, such as microcars, microboats, 
and five-legged spiders, all composed of 
interlocked polymer-metal microarchi-
tectures, have also been developed (5). 
Methods for transporting cargo and de-
livering therapies have been devised, with 
an increasing number of in vivo studies, 
including the application of magnetotac-
tic bacteria as microrobotic platforms to 
transport drug-loaded liposomes to tumors 
in mice (6). Additionally, magnetic reso-
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Delivering drugs with microrobots 
Biomedical microrobots could overcome current challenges in targeted therapies
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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.
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A potential medical procedure with microrobots
A catheter or endoscope delivers microrobots to the body region being treated, for example, to a tumor or 
blood clot. Microrobot assemblies are deployed into the vasculature, and they navigate to the target. The 
microrobots disassemble, releasing therapeutic agents. Then, the microrobots are degraded and are either 
absorbed or cleared from the body.
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Microtransporter (contact mode)
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Microtransporter (non-contact mode)
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5 μm

§ Compartmentalization (robot and payload)
§ Fluidic coupling



Active Transport at Low Reynolds Number
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Generating Mobile Microvortices
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Mobile Fluidic Traps in 3D
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2 μm



3D Printing Compound Machinery
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Notice:In the second SEM figure of (d), the tail and the body are linked into the whole 
due to writing them too close each other.   

Fig. 1.Fabrication of microcarrier and characterizing its suction properities.(I) 
Coating/Baking  (II) Laser Exposure (III) Development (IV) Ni/Ti Deposition (V) Mask 
detachment   a(I) and a(II) SEM images of microcarrier from the top and cross-sectional 
view; a(III) Partly deposition. (b) Loading of beads. Beads of 3 µm in diameter.(c) 
Releasing of beads from full to empty. Two scale bars are 100 µm and 20µm, 
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Active Transport at Low Reynolds Number
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Notice:In the second SEM figure of (d), the tail and the body are linked into the whole 
due to writing them too close each other.   

Fig. 1.Fabrication of microcarrier and characterizing its suction properities.(I) 
Coating/Baking  (II) Laser Exposure (III) Development (IV) Ni/Ti Deposition (V) Mask 
detachment   a(I) and a(II) SEM images of microcarrier from the top and cross-sectional 
view; a(III) Partly deposition. (b) Loading of beads. Beads of 3 µm in diameter.(c) 
Releasing of beads from full to empty. Two scale bars are 100 µm and 20µm, 
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In(the(first(figure(of((c),(the(rear(part(of(the(body(looks(a(little(empty,(but(in(the(second(figure(of(
(c)(the(body(looks(full.(This(is(correct.(The(rear(most(part(also(kept(some(beads.(These(beads(will(
be(pushed(to(full(the(empty(part(when(the(tail(part(is(open.(We(can(learn(it(from(the(video.(

In(the(figure((d),(I(introduced(a(figure(from(cell(expriment.(I(think(we(should(use(this(data,(
because(i(check(the(video(and(found(several(cells(can(be(collected(even(though(they(can’t(be(
released(a(lot(like(the(beads.((5D10(beads).(I(am(sure(these(cells(were(released(from(the(carrier.(
Now(It(seems(a(whole(story(more.(What(do(you(think?(
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Passive vs Triggered Release

62



Passive Release of Encapsulated Payload

• Loading capacity: surface area vs volume
• One material for everything: form, magnetization, reservoir
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Colloidal Self-Assembly of Magnetic Micromachines

• Viscous vs magnetic forces: Mason Number

64

• 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


