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Context

Infinite dimensional port Hamiltonian systems :

Material and energy balance equations −→ physically
consistent model.

Definition of the geometric structure (Dirac structure) and of
the boundary port variables −→ derivation of boundary
control systems.

The core of the approach is the energy of the system and its
links with the dynamics and the environment.

New issue for system control theory

Modelling step is important → the physical properties can be
advantageously used for analysis, simulation and control purposes
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Context

In this talk :

Boundary control of infinite dimensional system using the
energy shaping approach and the immersion/reduction
method.

Controller under port Hamiltonian format.
Power preserving interconnection.
Use of Casimir invariant (to link controller states to system
states).

Casimir functions :
In the power preserving case : dynamical and structural
invariants obtained from Poisson Bracket.
In the case of system with dissipation : structural invariants
obtained from Leibnitz Bracket. Not necessarily dynamical
invariants

Chosen illustrative example :

Control of microsystems : Nanotweezers for DNA manipulation
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Considered system

IEEE/ASME TRANSACTIONS ON MECHATRONICS, VOL. XX, NO. X, OCTOBER 20XX 1

MEMS feedback-control approach for accurate
biosensing on DNA with silicon nanotweezers

Nicolas Lafitte, Yassine Haddab, Member, IEEE, Yann Le Gorrec, Member, IEEE, Momoko Kumemura,
Laurent Jalabert, Dominique Collard, Member, IEEE, and Hiroyuki Fujita, Member, IEEE

Abstract—This study presents the improvement of parameter
sensitivity of silicon nanotweezers for bio-molecule sensing via
closed-loop control method. Direct molecule manipulation with
sensor-integrated MEMS tool presents a real challenge for
systematic and real-time biological analysis at the molecular
level. Experiments on the single molecule of DNA have provided
better understanding about the complex machinery around
these molecules carrying our genetic information. However these
experiments relying on optical or magnetic tweezers have a
low throughput since the preparations are done one at a time.
Based on the implementation of a feedback controller, we show
a responsive system for biological parameter detection on DNA
molecules with MEMS tweezers.

Index Terms—MEMS tweezers; DNA molecules; biosensing;
parameter detection; state feedback; closed-loop;

I. INTRODUCTION

PAST decades have brought a large amount of informations
on DNA properties. The basics features of DNA were

elucidated owing to the possibility to manipulate individual
molecules. Direct measurements of the mechanical properties
of the molecule enabled elementary discovery, as the unusual
stiffness of a double-stranded DNA – 50 times harder to
bend than an equivalent single-stranded DNA – and expanded
understanding on DNA functions, by identifying interactions
with proteins [?].

Several devices or methods have made possible biological
experiments at the molecular level: magnetic tweezers [?], [?],
optical tweezers [?], AFM cantilevers [?] and microfibers [?],
[?]. A DNA molecule (or any other single macromolecule) is
first attached to a surface at one end, and to a bead or a beam
at the other. Forces or displacements are regularly sensed by
optical measurements. The complexity of the related experi-
ments does not allow systematic and real-time experiments.

To move towards systematic analysis, micro- and nano-
systems (MEMS) are the appropriate tools as they can in-
tegrate accurate molecular level engineering tools (actuator,
prehensor and sensor). Furthermore they can be cheaply
produced with highly parallel process. In early work, silicon
nanotweezers (Figure ??) were designed and fabricated to trap
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LIMMS/CNRS-IIS (UMI 2820), Institute of Industrial Science, the Univer-
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UTBM-CNRS, 32 avenue de l’Observatoire, 25044 Besanon, France.

H. Fujita is with the Center for International Research on MicroMechatro-
nics (CIRMM), Institute of Industrial Science, the University of Tokyo, 4-6-1
Komaba, Meguro-ku, Tokyo 153-8505, Japan.

Manuscript received April xx, 20xx; revised January xx, 20xx.

Fig. 1. Silicon nanotweezers for bio-electro-mechanical characterizations of
molecules bundle [?]. Dimensions: 5× 6 mm. (a) 3D schematic view of the
tweezers. The mobile electrode is electrostatically actuated by Vact and the
motion displacement changes the capacitances C1 and C2. (b) Photograph of
the opposing tips in between the bundle of molecules is trapped. (c) Close
view on the electrostatic comb-drive actuator.

DNA molecules and to characterize DNA bundle [?]. The
extension forces were tuned in an open loop by varying the
actuation voltage and measured through the integrated sensor
and an electronic read-out.

In fact, microsystems are usually driven open-loop by
applying simple input signals. Nevertheless, the increasing
complexity of MEMS devices and their use for high precision
tasks at microscale level are to require the use of closed loop
control laws [?]. Smart controls improved performances in
term of positioning precision, response speed or disturbance
robustness in a wide range of devices [?], [?], [?], [?]. Finally,
unlike macro mechanical systems, some particularities of the
microscale – whose complexity is not yet well mastered –
must be considered for the implementation of control.

Objective : nano manipulation and DNA characterization
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Considered system
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Fig. 1. Silicon nanotweezers for bio-electro-mechanical characterizations of
molecules bundle [?]. Dimensions: 5× 6 mm. (a) 3D schematic view of the
tweezers. The mobile electrode is electrostatically actuated by Vact and the
motion displacement changes the capacitances C1 and C2. (b) Photograph of
the opposing tips in between the bundle of molecules is trapped. (c) Close
view on the electrostatic comb-drive actuator.

DNA molecules and to characterize DNA bundle [?]. The
extension forces were tuned in an open loop by varying the
actuation voltage and measured through the integrated sensor
and an electronic read-out.

In fact, microsystems are usually driven open-loop by
applying simple input signals. Nevertheless, the increasing
complexity of MEMS devices and their use for high precision
tasks at microscale level are to require the use of closed loop
control laws [?]. Smart controls improved performances in
term of positioning precision, response speed or disturbance
robustness in a wide range of devices [?], [?], [?], [?]. Finally,
unlike macro mechanical systems, some particularities of the
microscale – whose complexity is not yet well mastered –
must be considered for the implementation of control.

Actuator : electrostatic comb drive → force proportional to
the square of the applied voltage Fc = f (V 2)
Sensor : electrostatic comb drive+capacitor → velocity
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Model
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Port Hamiltonian modeling

Beam model :

State (energy) variables (w(z , t) is the transverse displacement
and φ(z , t) the rotation angle) :

x =


∂w
∂z − φ
ρ∂w
∂t
∂φ
∂z

Iρ
∂φ
∂t


−→ shear displacement
−→ transverse momentum distribution,
−→ angular displacement,
−→ angular momentum distribution.

Effort variables and energy :

e =

2664
F
v
T
ω

3775
−→ longitudinal force,
−→ velocity,
−→ torque,
−→ angular velocity.

; Hbm =
1

2

Z L

0

„
Kx2

1 +
x2

2

ρ
+ EIx2

3 +
x2

4

Iρ

«
dz

DNA

Combdrive+suspension system
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Port Hamiltonian modeling

Beam model :

From balance equations :

∂x

∂t︸︷︷︸
f

=


0 ∂

∂z 0 −1
∂
∂z −fbm 0 0
0 0 0 ∂

∂z

1 0 ∂
∂z 0


︸ ︷︷ ︸

Jbm−Rbm


F
v
T
ω


︸ ︷︷ ︸

e

That can be written :

∂x

∂t
=

(
P1

∂

∂z
+ P0 + G0

)
Lx with P1 = PT

1 , P0 = −PT
0 , G0 = GT

0

DNA

Combdrive+suspension system
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Port Hamiltonian modeling

Beam model :

From balance equations :

∂x

∂t︸︷︷︸
f

=


0 ∂

∂z 0 −1
∂
∂z −fbm 0 0
0 0 0 ∂

∂z

1 0 ∂
∂z 0


︸ ︷︷ ︸

Jbm−Rbm


F
v
T
ω


︸ ︷︷ ︸

e

Considering fbm = 0 one can choose as boundary port
variables as :[

f∂
e∂

]
= U

[
P1 −P1

I I

] [
Lx(b)
Lx(a)

]
with UT ΣU = Σ

DNA

Combdrive+suspension system
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Port Hamiltonian modeling

Beam model :
From balance equations :

∂x

∂t︸︷︷︸
f

=


0 ∂

∂z 0 −1
∂
∂z −fbm 0 0
0 0 0 ∂

∂z

1 0 ∂
∂z 0


︸ ︷︷ ︸

Jbm−Rbm


F
v
T
ω


︸ ︷︷ ︸

e

A possible choice is :

[
f∂
e∂

]
=



v(b)
ω(b)
−v(a)
−ω(a)
F (b)
T (b)
F (a)
T (a)


, and u =


v(b)
ω(b)
−v(a)
−ω(a)

 y =


F (b)
T (b)
F (a)
T (a)



DNA
Combdrive+suspension system
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Port Hamiltonian modeling

Beam model :

DNA

From balance equations (qb =

[
wb

φb

]
gen. coord.,

pb =

[
Mb

dwb

dt

J dφb

dt

]
gen. moment.,

H(qb, pb) = 1
2

(
p2

b1

Mb
+

p2
b2

Jb
+ kbq2

b1

)
) :


d
dt

[
qb

pb

]
=

[
0 I
−I −Db

]
︸ ︷︷ ︸

Jb−Rb

[
∂qb
H(qb, pb)

∂pb
H(qb, pb)

]
+

[
0
I

] [
Fb

Tb

]
[

vb

ωb

]
=

[
0 I

] [
∂qb
H(qb, pb)

∂pb
H(qb, pb)

]

Combdrive+suspension system
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Port Hamiltonian modeling

Beam model :

DNA

Combdrive+suspension system

From balance equations (qa =

[
wa

φa

]
gen. coord.,

pa =

[
Ma

dwa

dt

J dφa

dt

]
gen. moment.,

H(qa, pa) = 1
2

(
p2

a1

Mb
+

p2
a2

Ja
+ kaq2

a1

)
) :


d
dt

[
qa

pa

]
=

[
0 I
−I −Da

] [
∂qaH(qa, pa)
∂paH(qa, pa)

]
+

[
0
I

] [
Fa

Ta

]
[

va

ωa

]
=

[
0 I

] [
∂qaH(qa, pa)
∂paH(qa, pa)

]



Introduction Modelling Casimir functional Control design Conclusion

Port Hamiltonian modeling

Beam model :

DNA

Combdrive+suspension system +controller
Controller :

d
dt xc = (Jc − Rc) ∂xcH(xc) + Gc

[
va

ωa

]
[

Fc

Tc

]
= GT

c ∂xcH(xc)
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Port Hamiltonian modeling

Beam model :

DNA

Combdrive+suspension system +controller
From balance equations :


d
dt

 qa

pa

xc

 =

 0 I 0
−I −Da −GT

c

0 Gc Jc − Rc

  ∂qaH(qa, pa, xc)
∂paH(qa, pa, xc)
∂xcH(qa, pa, xc)

+

 0
I
0

[ Fa

Ta

]
[

va

ωa

]
=

[
0 I 0

]  ∂qaH(qa, pa, xc)
∂paH(qa, pa, xc)
∂xcH(qa, pa, xc)
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Port Hamiltonian modeling

Power preserving interconnexion :
ubeam =

[
ubeam,a

ubeam,b

]
=

[
f∂,a
f∂,b

]
=

[
−ya

−yb

]
u =

[
ua

ub

]
=

[
e∂,a
e∂,b

]
The closed loop operator f = (Jt −Rt) e is equal to :

Jt −Rt =



Jbm −Rbm 0 0 0 0

0
Ga

0

0 I 0
−I −Da −GT

c

0 Gc Jc − Rc

0

Gb

0
0

0 I
−I −Db


Ga,b =

[
1|a,b 0 0 0

0 0 1|a,b 0

]
and D(Jt−Rt) =

{
e ∈ H1|epa,b

= −Ga,be
}
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Conservative case

In the conservative case f = J e :

Space of admissible efforts :

Eadm = {e ∈ E|∃f ∈ F such that (f , e) ∈ D}

Skew symmetric bilinear form on Eadm

[e1, e2] :=< e1|f2 >∈ L, f2 ∈ F such that (f2, e2) ∈ D

Set of admissible functions

Kadm =
{

k : F → R|∀a ∈ F ∃e ∈ Eadm such that ∀δa ∈ F ,

∀η ∈ R, k(a + ηδa) = k(a) + η < e|δa > +o(η)}

e is the derivative of k at a, is denoted by δk(a)
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Conservative case

In the conservative case f = J e : on Kadm we define

{k1, k2}(a) := [δk1(a), δk2(a)], k1, k2 ∈ Kadm

{, } defines a pseudo-Poisson bracket.

By skew-symmetry of [ , ] it immediately follows that also {, }
is skew-symmetric
Satisfies the Jacobi identity (in the linear
case){x , {y , z}}+ {z , {x , y}}+ {y , {z , x}} = 0

Hamiltonian system are defined by : ẋ = {x ,H(x)}

The Casimir functions are the functions C ∈ Kadm such that :

{k ,C} = [δk, δC ] = 0, ∀k ∈ Kadm

In this case :
dC
dt = ∂C

∂x

T ∂x
∂t = [δC , δH] = {C ,H} = −{H,C} = 0
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Conservative case

In the dissipative case f = (J −R) e : we consider f0 = J e
Space of admissible efforts :

Eadm = {e ∈ E|∃f0 ∈ F such that (f0, e) ∈ DJ }

Bilinear form on Eadm

[e1, e2] := 〈e1|f0〉−〈e1|Re2〉 ∈ L, f0 ∈ F such that (f0, e1) ∈ DJ
on Kadm we define

{k1, k2}(a) := [δk1(a), δk2(a)], k1, k2 ∈ Kadm

{, } defines a Leibnitz bracket.Dissipative port Hamiltonian
system are defined by : ẋ = {x ,H(x)}

The right Casimir functions are the functions C ∈ Kadm such
that :

{k ,C} = [δk , δC ] = 0, ∀k ∈ Kadm

In this case : dC
dt = ∂C

∂x

T ∂x
∂t = {C ,H} 6= −{H,C}; dC

dt = 0
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Immersion approach

Idea

From the closed loop system dynamics :

d

dt

[
x
xc

]
= (Jtot −Rtot)

[
δxHcl(x , xc)
δxc Hcl(x , xc)

]
shape the closed loop energy function :

Hcl(x , xc) = H(x) + Hc(xc)

by restricting the controller dynamics using Casimir invariants of
the form :

C = xc + F (x)

Then
Hcl(x , xc) = H(x) + Hc(C − F (x))

It remains to choose Hc such that : δHcl(x∗) = 0+stability
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Example

Back to the example : the right Casimir invariants are defined such
that :

{k ,C} = [δk , δC ] = 0 ∀k,C ∈ Kadm

i.e. for δxC ∈ D(Jt −Rt)

(Jbm −Rbm) δxC = 0
δpaC = 0
GaδxC − δqaC − DaδpaC − GT

c δxcC = 0
GcδpaC + (Jc − Rc) δxcC
δpb
C = 0

GbδxC − δqb
C − Dbδpb

C = 0

Choosing Jc = Rc = 0, Gc = I and :

Ci (x , qa, pa, qb, pb, xc) = xci + Fi (x , pa, qb, pb)

one can find :

C1 = xc1−q1,a+2q1,b−2Lq2,b−2

Z L

0
(x1 + zx3) dz, C2 = xc2+q2,a+2q2,b+2

Z L

0
x3dz
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Example

One can express the controller state from the system state by :

xc1 = q1,a−2Lq2,b+2

Z L

0
(x1 + zx3) dz−2q1,b+C1, xc2 = q2,a−2q2,b−2

Z L

0
x3dz+C2

It remains to choose the controller Hamiltonian function in order
to shape the closed loop energy function. The desired equilibrium
is given by :

F (L) = −kbx∗,T ∗(L) = 0, v∗(L) = ω∗(L) = 0, v(0) = ω∗(L) = 0, φ∗ = 0

That leads to :
φ∗ =

mg

2EI

[
(z − L)2 − L2

]
w∗ =

mg

2EI
(z − L)3 −

(
mgL2

2EI
+

mg

K

)
(z − L)− kbx∗

=⇒ Ξ∗ = (x∗1 , x
∗
2 , x
∗
3 , x
∗
4 , q
∗
a , p
∗
a , x
∗
c , q
∗
b, p
∗
b)
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Example

Hcl = 1
2

∫ L
0

(
Kx2

1 +
x2

2
ρ + EIx2

3 +
x2

4
Iρ

)
dz

+ 1
2

(
p2

a1
Ma

+
p2

a2
Ja

+ kaq2
a1

)
+ 1

2

(
p2

b1
Mb

+
p2

b2
Jb

+ kbq2
b1

)
+ Hc(xc1, xc2)

Search of admissible Lyapunov function through Hc

i.e.
Hc(xc1, xc2) = Hc(qa, x1, x3, qb)

such that Hcl has a minimum in Ξ∗ :

∂ΞHcl(Ξ∗) = 0

there exist γ, Γ1, Γ2 > 0 such that
Γ1‖δΞ‖ ≤ Hcl(Ξ∗ + δΞ)−Hcl(Ξ∗) ≤ Γ2‖δΞ‖γ

Ex : Hc(xc1, xc2) =
−K1(xc1− x∗c1)2−K2(xc2− x∗c2)2 + M1(xc1− x∗c1) + M2(xc2− x∗c2)
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What has been done :

Definition of the right Casimir invariant derived from Leibnitz
bracket.

Use of the right Casimir invariant derived from Leibnitz
bracket for control purpose.

A first application to nanotweezers.

Ongoing researches :

Proof of stability for a class of controllers using results
obtained for PHS.

Application to dissipative differential operators.

Other controller parametrizations.
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