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Locomo琀椀on at the microscale

❏ Moving in liquids at the microscale ≠ from swimming at the macroscale
[E.M. Purcell, 1977]

❏ Bioinspired propulsion

 Helical microswimmer

❍ swim by rota琀椀ng propellers 
(eg. bacteria 昀氀agella : spirochaetes)

 Flexible microstructures

❍ swim by moving a 昀氀exible 昀氀agella
(e.g. sperm cells and many unicellular eukaryotes)

 Quid of microorganism without moving part ?
→ (self-)phore琀椀c mo琀椀on

2

[S. Palagi and P. Fischer, 2018]
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Locomo琀椀on at the microscale

❏ Self-phore琀椀c mo琀椀on

 « Microorganisms might propel themselves through 
nonmechanical means without using any moving parts »
[P. Mitchell, 1956, 1972]

 Bacteria pump ions asymmetrically
→ an electrical circuit is formed

 Electrokine琀椀c mechanism → (here) self-electrophoresis

3
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Modeling

❏ Modeling of Self-Phore琀椀c Mo琀椀on

 Phore琀椀c mo琀椀on

❍ μp: local phore琀椀c mobility

❍ ∇f : « phore琀椀c gradient »

– ∇f  ≡ ∇c : di昀昀usiophoresis
(chemical gradient)

– ∇f  ≡ Φ=E∇  : electrophoresis
(electric 昀椀eld)

– also thermophoresis...

u
f
=μ

p
(I−nn )⋅∇ f
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Modeling

❏ Modeling of Self-Phore琀椀c Mo琀椀on

 Phore琀椀c mo琀椀on

 Cataly琀椀c reac琀椀on : 

❍ Di昀昀usiophoresis :  (fuel) A→ B

❍ Electrophoresis : Aox+H++e-→ Bred

❍ Catalyst materials: 

– Pt, Pd, Au, Ni, Ag, Ru, etc.

– enzymes: catalase, urease, 
glucose oxidase, etc.

– the par琀椀cle must be asymmetric! 
→ at least two parts (e.g. N/C)

❍ Fuel: H2O2, aqueous solu琀椀on,strong acids, 
hydrazine, glucose, urea, etc.

u
f
=μ

p
(I−nn )⋅∇ f

[A]

[B]

∇ c={d [ A ]dz
;
d [B ]
dz }

e-

e
z

Example : fuel = hydrogen peroxide, catalyst=Ru/Au

● Anode : 3H
2
O

2
 → 6H+ +3O

2 
+6e-

● Cathode : 

H
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Modeling

❏ Modeling of Self-Phore琀椀c Mo琀椀on

 Phore琀椀c mo琀椀on

 Swimming velocity :

❍ σz : hydrodynamic stress tensor at S

❍ For spherical par琀椀cle : 

❍ e.g.   vp = u0 ez

u f=μp(I−nn )⋅∇ f

v p⋅e z=−∬S
d r n⋅σz⋅u f

e
z

v
p
=

−1

4π r
2∬S

d r u
f
(r )

u
0
∝−μp

a (r )
D

● D=k
B
T/k

d
  di昀昀usion coe昀케cient (with k

d
 the drag coe昀昀.)

● a(r): surface ac琀椀vity of the cataly琀椀c reac琀椀on
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Modeling

❏ Modeling of Self-Phore琀椀c Mo琀椀on

 Phore琀椀c mo琀椀on

 Swimming velocity :

 Moving in viscous liquids

❍ Example: for a sphere of radius r

– K=df⋅I,   df=6πηr

– Ω=dt⋅I,  dt=8πηr3

– η : viscosity

 without other forces, at equilibrium: fd+fp=0

u
f
=μ

p
(I−nn )⋅∇ f

u
0
∝−μp

a (r )
D

(f dt d )=−(K C

C
t Ω)( vω )
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Modeling

❏ Dynamic

 Self-phore琀椀c propulsion: {fp;tp}

 Hydrodynamic: {fd;tp}

 Disturbances: {fext;text}

❍ e.g. radom 昀氀uctua琀椀on
 → Brownian mo琀椀on

 Actua琀椀on: {fa;ta}

❍ i.e. enabling external control

❍ e.g. magne琀椀c actua琀椀on

 Newton’s law:

{m v̇=f p+ f d+ f a+f ext
J ω̇=t p+ t d+ t a+t ext
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Modeling

❏ Dynamic

 Without external controls 
→ Ac琀椀ve Brownian Par琀椀cles

❍ stochas琀椀c force and torque:

❍ … but chemotaxis is possible…

❍ mainly for random sensing

 Simple solu琀椀on: embed magne琀椀c material

❍ magne琀椀c actua琀椀on 
(e.g. magne琀椀c guidance)

{f ext=
t ξ

t ext=
r ξ

{⟨
t ξi(t1) ,

t ξ j(t 2)⟩=2kBT d t δij(t 1−t
2
)

⟨ rξ i(t1) ,
rξ j(t 2)⟩=2kBT d rδij(t 1−t

2
)
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Case study

❏ Magne琀椀c Janus microRobot (MJR)

 Spherical shape with 2 hemispheres:

❍ C: cataly琀椀c part

❍ N: non cataly琀椀c

❍ +magne琀椀c material

 Simpli昀椀ca琀椀on: 2D problem

❍ Posi琀椀on+Orienta琀椀on: (x,y,θ)
 (assumed measurable)

❍ 2D mo琀椀on: v=(vx,vy,0) and ω=(0,0,ωz)

{fm=V m⋅(m∇ ) b
tm=V m (m×b )
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Case study (MJR)

❏ 2D state space representa琀椀on

❍ States: x=(x,vx,y,vy,θ,ωz)

❍ Measures: y=(x,y,θ)

❍ Inputs: u=(u0,bx,by)

– self-phoretic motion: up=u0 e⋅ x

– magnetic field: b=(bx,by)

❏ Pseudo-linear system

(S x){ẋ=v x

v̇ x=−α x v x+α x cos(θ)u0
+ξx

(S x){ẋ=v x

v̇ x=−α x v x+αx cos(θ)u0
+ξx

{ẋ=Ax+B(x)u+W
ẏ=C x+ν

(Sθ){θ̇=ω
ω̇=−αθω+β (sin (θ)bx+cos (θ)b y )+ξx
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Case study (MJR)

❏ Discussions

  self-phore琀椀c mo琀椀on : vp = u0 ez, 

input or state?

❍ precise control of u0 di昀케cult

❍ how to adjust the surface ac琀椀vity a(r)?

– change in fuel concentration

– light can enable/disable catalytic reaction

❍ But… the pair {A,B(x)} is not controllable without u0!

 Iner琀椀a: negligible at the microscale?

❍ Deal with the transient behavior

❍ Allows es琀椀ma琀椀on of the veloci琀椀es

u
0
∝−μp

a (r )
D
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Case study (MJR)

❏ Matlab/Simulink simula琀椀on
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Case study (MJR)

❏ Matlab/Simulink simple state feeback control
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Case study (MJR)

❏ Valida琀椀on: (KF) tracking

 Kalman Filtering (KF)

❍ State-dependent system → SDC-KF

❍ Not well-known/ Unknown inputs → Dual-KF

{ẋ=Ax+B(x)u+W
ẏ=C x+ν
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Case study (MJR)

❏ Valida琀椀on: SDC-KF tracking

 (Baraban et al. 2012) experimental data

❍ Spheroidal cataly琀椀c JMR

❍ SiO4+[Co(0.4nm)Pt(0.6nm)]5 ;

❍ radius r≈2.5µm ;

❍ u0≈8µm/s, no magne琀椀c 昀椀eld data

 (Ma et al. 2016) experimental data

❍ Urea-powered spherical hollow 
magne琀椀c microrobot

❍ coated with Fe(10nm)Au(3nm) ;

❍ radius r≈2.3µm;

❍ u0≈10µm/s, no magne琀椀c 昀椀eld data
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Conclusion

❏ Conclusion

 Modeling of self-phore琀椀c par琀椀cle

 Simula琀椀on of MJR dynamic

 SDC-DKF tracking

❏ Prospects

 Characteriza琀椀on/iden琀椀昀椀ca琀椀on of MJRs

 (Advanced) Controller design
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Thanks you for your a琀琀en琀椀on

… ques琀椀ons?

Contact and further informa琀椀on:
David FOLIO, <david.folio@insa-cvl.fr>
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