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Methodology of ® & D of micro nano-robots (MNR) based on modelling of dissipative equations of MNR-motion

is described. Control of micro systems in which the dominating distrurbances are thermal and quantum noises is

considered. Quantum interaction can be considered only between the object and the system of observation. Control

through a physical flelds, micromanipulators, and so on can have a continuos classical significance. By quantum

interaction the errors of micrecontrol can be still low of natural thermal fluctuational levels. The problem of the

physical limit accuracy of micro control on the basis of concrete, but rather general, examples is discussed.
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1. Introduction

In the past few years, the interest in the field of micro-
and nanosystems [1][2] greatly increased due to
recent discoveries that scanning tunneling and atomic
force microscopies can be used to manipulate with
control ohject as molecules and atoms, and maybe build
such terabyte memory chips, quantum-dot computers,
and MNR’s. Important elements of engineering at this
level, such as the controlled assembly of molecular
arrays (supramolecular chemistry), require the position-
ing and interlocking of intact molecules without disrup-

tion of their internal atomic structure. Manipulation
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control object are supposed to be less than 100{pmJ[ 1]
Micro mechatronics consists in the development of
micro devices, as well as their integration and control.
Micro control is the control of physical systems of
microscopic dimensions and of micro systems with limit
accuracy bounded by the statistical nature of the micro-
world processes. We consider on the basis of concrete,
but rather general, examples modelling of the limit
possible accuracy of micro contrel of systems in which
the dominating disturbance are thermal and quantum

noises.
2. Physical Limit of Miero Control

Micro control include two direction: 1) control of
individual (separately taken) microscopic object; 2)
control of macroobject with limiting fluctuationa! accu-
racy, as determined by thermodynamic and quantum
noises. In order to characterize the application of
maodern methods of optimal estimation and control the-
ory to microscopic plants, consider an ordinary linear-
quadratic optimal control problem for continuous sys-
tem [3][4].

2.1 Optimal Control with Kalman-Bucy Filter

For the process

T=A{Ox+B(Hu+ ) (1
and the observation equation
z=H{Hx+ (), (2)

where £(f), () are independent vector white noises
with matrix intensities € and K, respectively, and /A, B,

Nov., 1996



Modelling of Micro-Nano-Robots and Physical Limit of Micro Control 1103

H are given (in general, time-dependent) matrices, the
optimal control in the sense of minimizing the functional

I:M[o.w(n)sfr(tf)

+05f
+05f

where M is the expectation symbol and S, A, K are

(0)Bx(6)d

r(9)K- u(e)dg] (3)

given symmetrical coefficient matrices (|K|#0) is given

by
u=—KRTS7, S+SA+ A’S—SBKB'S=—§,
S(t)=S;s. (4)

The variable z is the output variable of the Kalman-
Bucy filter (KBF)
i=AF+Bu+ki(z—Hz), ke=PH™R™,

P=AP+PA"-PH'R'P+Q, P0)=P. (5)
If denote dr=1 —x as the KBF estimation error then
we obtain
Az =(A—keH)dx + ken—E,
£ =—BKB'SAx+(A—BKB'S)z+&. (6)

The solution of Eqs(6) in the form M[xx"]=P+4D
has been derived from following equations:

M[xx"|=Mun=P+ 4D,

=(A—BKB'S)4D
+AD(A"—SBKB")+ k:HP. (7)

Using the forms of block matrices we can describe
micro object by a vector equation with fluctuational
noises of the form:

mg +ag+ecqg=bu+E(t)+ &(L). (8)
Here &:(t) is the thermodynamical noise with intensity
matrix Si=kT(a+a").
a kind of shot noise produced by the action of the

For a quantum sensor, &,(¢) is

photons on the controlled plant. The spectral density
matrix of &(¢) can be define as Se,=(#/A.)*/n.1, where
1 is the indentity matrix and % is Planck’s constant.

For the control of generalized coordinate vector, the
observation equation has the form

z=q+n(t). (9)

The relative position of the test mass is monitored by
the laser interferometer, which can be considered as a
quantum control technique. The noise intensity matrix

2
B
where R is the error covariance matrix of KBF in Eq.
&5 )

The optimal control problem for micro object (8)

Sy in this case [3][4] is given by S,=R=

with observations (9 ) may be regarded as a particular

BEoRy byl %s S

S | -

Oaqs a5 u/sec]

-107°
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Fig.1 The Estimation Mean Square Errors of Coordinates

049 and Velocity dss for Classical (Curves 3 and 4)
and Quantum (Curves 1 and 2) Observations

case of Eqs(1)(2)(4) and (5), where
o R I
0 0

2
0 m’1<kT(a'+ aT)+ -512"“1)’”_1 -
v

ol 2o

Q=

2.2 Limit Accuracy of Optimal Microobservations
by Classical and Quantum Interactions
The steady-state solution of matrix Eq.(5) as solu-

tion phny= 32/12 Pay can be define [3][4] as
15?11,+0.5m lcp(z11>+0.5pf11;cm'1

2
:%m"(kT(a% ar)+—%ml)m". (10)
Fig. 1 shows the calculation results for the case of in-
dependent degrees of freedom, where the matrix Eq.(10)
The esti-

mation mean square errors (MSE) of the coordinates

splits into scalar equations quadratic in pf).

04¢ (curve 1) and the velocity 044 (curve 2) calculated
for T—=300[K], A,=05[p], n.=25-10"*[sec™] (which
corresponds to quantum case with a 1[pW] laser beam),
and relaxation time m/i=10[sec]. In Fig.1 to each
mass is associated a certain free-oscillation frequency
wo of the test body.
cube with m=10"%[kg] (linear dimension of the order of
1[mm]), wo=10°[sec™'], for m=10""[kg]
dimension of the order of 0.01[mm]),ws=10%[sec™].
The MSE of the coordinate estimate for m=10"°[kg] is
2.44-107% [p] and 1.07-107°° [1] for m=10""[kg]. The
MSE of the relative velocity estimate of the test body is
6.3:107*[p/sec] and 5.5-107[p/sec], respectively. Fig. 1
also shows the error curves for coordinate and velocity

For a test mass in the shape of a

(linear
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estimates with classical (e. g, inductive) monitoring of
the relative position of test bedy. Futher inspection of
Fig. 1 discloses that the estimation accuracy of the test
bedy coordinate with quantum observation is almost
three orders of magnitude higher than with classical
observation (curve 3 and curve 4, respectively).

Particiular Case. We consider special case of optical
control (observation) of the coordinates of mechanical
or electromechanical system by means of light with
wavelength sufficiently short that it can be considered a
photon stream : optimal ohservations of varying cor-
dinates ¢ by electronic microscope.

For microobservations with electronic microscope the
fluctuations of the light pressure ¢» constitute a sort of
inverse noise on the controlled system with spectral
density Se,={ne Ve)*u.l; vector white noise & is condi-
tioned by a short effect of photons with spectral density
Se.=(8%n.), where m. is electron mass; V. is electron
velocity in beam radiated controlled object ; (ne/6%) is
electron number throghout beam cross-section per sec-
ond: § is resolving power of electronic microscope.
The dimensions of controlled objects are taken to be in
order of 8. For scalar case (oscillator object) the
stationary solution of Egs(4){5) is

_ 2Ewed® {[ B ( \/ 45kTn, , meVind
Ree* ?‘le 1+ 2@,2 1+ CMQSZ + 62(,‘
12
)Tl =2 (an

In case of free motion in high vacuum (=0, c=0)

Ree= 2 8/ meVejmne, V1R ¢eRee =42 m. V5.

(12)

For ¢§=5[A] (electronic microscope of first class) and
velocity Ve with corresponding acceleration voltage
100[kV], according to Eq.(12), Vw'R:sRee=12-107%
ierg*sec], i. e, still 2.5-3 orders of magnitude above the
limit of Heisenberg uncertainty principle.

Thus, the accuracy of optimal microobservation by
guantum Gileraction with controlled ebject can be sill
orders of magnitudes above than by classical case and
approximates to lmil of uncevtainty principle [ 3 ][4 ].

By solving Eqs( 8 } ~{(11) we can determine the steady-
state accuracy of optimal estimation of the coordinates
in this system. The final goal, however, is the determina-
tion of the steady-state accuracy of micro control

{stabilization accuracy in a closed-loop system}).
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2.3 Limit Accuracy of Coordinate Control by
Classical and Quantum Interactions

This accuracy, according to Egs{4)~(7), is given
by the relations

Mlxx"}=P+4D,

(A— BKBTS)AD+ AD(A™ — SBKBT) + ke HP =0, d

1z

SA+A'S-SBKE'S=—24. (14) 4

Let us determine the coefficients of the minimal func-.
tional in Eq.{3} (in the steady-state optimization prob-

lem, this functional is without the terminal term, 5,=0,
and Integration interval is infinite or moving) which °
ensure that AD=P, i.e., the optimal stabilization accu-
racy is @ factor of V2 worse than the optimal estima-
tion accuracy. Substituting 4D =P in Eq.(12) and using
from Eq.(5) the approximate equality & =PH R HP
— AP~ PAT>=PHTR'HP, which holds for low quan- 4§

2
tum noise intensity R = b!;l;z 1, we obtain from Eqs(12) 3

and (13) the approximate solution

BKBT=0.5Q, 3=0.55Q8, SP=1. (15}
The control-loop gain matrix is given by
0
BKBTS—U.sPHTRIH—[”’“” } (16)
Pen 0

For the scalar case considered ahbove, the position |
feedback coefficient is =327, )*Auphiy and the corre-
sponding frequency is wea= PiE = 32740 Do

The accuracy of the optimal inertial measuring device

| w}d+w§ [seet]

djlm/sec?] n

167

107 1
107

1072 [m.ke]

]
10 10{4u]
Fig.2 The Precision {(Curves 1), Speed (Curves 2) and
Approximate Overload Capacity (Curves 3) of [nel
tial Micro Sensor
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determined by micronoise can be expressed by the for-
mula [ 3] A=V 2 (@b 05)62,
graph is shown in Fig. 2 (curve 1), The abscissa axis

The corresponding

gives the mass of the test body, and the order of the
linear dimension of the test body in # is shown on a
parallel axis. Curve 2 corresponds to the frequency
Jaka+ @k of the closed-loop system and curve 3 plots
the approximate overload capacity in units of gravita-
tional acceleration when the compesating forces are
produced by magnetoelectric technigue,

Fig. 2 will bring out that microminiature inertial sen-
sors may achieve high precision {m=10""[kg], /~0.1
lmm], di=1.410""[m/sec’}), high speed (normal fre-
quencies of the order of 10°[11z]), and high overload
capacity (several thouzand g).

3. Conclusion

High limit accuracy of microobservation by quantum
interaction make possible high limit accuracy of micro
control using feedback control principle. It is needed for
realizing of micro control to use the output signals of

optimal estimation system as input for control system

acted on contrelled object. As this takes place, quantum
interaction is perceived to be only between the object
and the system of observation. Control through a fields,
micromanipulators, and so on can have a continuos

classical significance. By quantum interaction the

errors of microcontrol can he still low of natural ther-
mal fluctuational levels.
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