Modelling and optimization of a floating triangular platform used for
nano and microforces sensing
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Abstract— This paper presents the dynamic behaviour mod- of an elastic structure [1]. The applied force is directly
elling of a horizontal triangular platform, used as the sensing calculated using the structure stiffness which is established
part of a microforce sensor. This sensor is based on a magnetic 4o calibration. Generally, calibration is a problem for micro
and a buoyancy principle. A particular configuration used to
obtain a linear model is presented. This linear model will be ar}d nano force ser]sors because of the lack of _star\de}rd at
essential for the futur control of the system, in order to achieve this scale. Thus, calibration must be performed using indirect
force measurement without displacement of the platform. The approaches.
determination of the platform position and orientation in the The dry friction is the major problem for this measurement
horizontal plane is done thanks to three laser range sensors. The approach. Generally, micro and nano force sensors use

sensors configuration provide a linear transformation between elastic micro structures like micro beam to avoid dr
the three measured ranges and the position and orientation of y

the platform. Finally, an open loop result comparison is done friction [6]. Athh?r way to avoid fr.iCtion problem, is
between the linear state model and a more complex 3D non the use of levitation methods. In this case the absence

linear model. of friction associated with a low stiffness makes the
l. INTRODUCTION sensor highly sensitive. The only problem is that passive
evitation is unstable. This result was shown theoretically for

Manipulation with force control is an emerging area th"’liélectrostatic case by Earnshaw in 1841 [5]. Attractive forces

appears certain to become an |m_p_0rtant component N Mike magnetic forces coupled with repulsive forces like
crosystems technology. Pure position control is sometimes

not suitable to ensure successful operation and preve {almaglnetic'forces are needed to achieve _passive Iev!tation.

damage to the manipulated micro objects. Force control A passive micro and nano force Sensor using magnetic and
; . " . amagnetic forces was presented in [3].

often needed in order to achieve better manipulation results

[6]. Moreover, in some specific applications like biological

cells characterization, obtaining force information is a mairﬁas also been devoted to the magnetic levitation approach

objective [7] [8]. We decided also to use a floating principle rather than

Tlh '; paperhpr(ra]sg nttrs] the 2D. modelthn? of a floating tr't‘f’mgmacfiamagnetic forces in order to stabilize the passive magnetic
platiorm which 1S the sensing part of a new magnetic Nan, ;iaton - This principle allows to suppress the weight
and microforce sensor for a large field of aplications (forc mitation of the levitating part (see figure 1)

identification, stiffness characterization, micro-assembly wit
force control,...). The platform on which the object to
be handled or characterized is locked, presents a naturally
stable six degrees of freedom equilibrium position using the
combination of upthrust buoyancy and magnetic forces. The
magnetic stiffness is typically betwed) nN/um and 50
nN/um.

This paper presents the differential equations which govern
the platform. In order to simplify these equations and to
obtain a 2D linear model, a particular configuration of the
magnetic and sensing parts have been studied. The 2D model
is essential for the control of the system in order to achieve
forces measurement without displacement of the platform. In
this paper a way to calculate the platform position using the
combination of three laser range sensors is also presented.

In the new sensor presented here a special attention

Float

Fig. 1. (a) Floating-magnetic principle (b) Top view

With such a configuration, magnetic forces of the external
Il. FORCE MEASUREMENT PRINCIPLE magnets provide stability in the planerOy) of the floating

Forces sensing is strongly related to the measuremd?i't inside which a small magnét is fixed. The upthrust
of a rigid microstructure displacement or the deformatioRuoyancy acting against the gravity provides stability along
Z axis. In the plane £Oy) the upthrust buoyancy has no
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laser beam.

This principle of force measurement related to the sensing
part displacement of the microforce sensor can generate
drawbacks in the case of high precision tasks such as .
biological cells micromanipulation or micro-assembling, ~
where the manipulated object should not move. Thus,
the key idea here is to developp a device wich allows
force measurements without any (or only very small)
displacements of the sensitive part, thanks to an active 7 Lo TP N
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control. The design used to make possible the feedback . x(m)
control loop is composed of two coils placed on both sides,
above and below the floating magnet (see figure 2). >t Ny l\\\ S o o od
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Fig. 2. Floating mechanism equipped with two coils

In case of an external force applied to the sensing element
which tends to move it, the activation of coils will produce
an opposed electromagnetic foré&lec that will maintain  Fig. 3. ForceF vectors in the planexOy) for i = 0.4A, i = 0A and
the sensing element on its initial position. In this case, the= —0-44
current/ in the coils is the new physical value related to the
external force. The complete study of this force measurement
principle and experimental validation are presented in [4].

x10°

It remains to note that in case of small displacements
around the point of equilibriun, the magnetic forcé ™29

[1l. STABILITY IN THE PLANE (zOy) is quasi linear [2] and we can write :

In this section, the study will be focused on the stability in
Fhe_ plane £Oy). The conﬁguration considered is descri_bed priag _ Konag - M/R _ [ K7 Oy ] 'M/R (1)
in figure 2. We are not going to demonstrate mathematically /R 0 K7
this stability, but we will illustrate it with a simulation. The
figure 3 shows the forcé” vectors applied on the float,
which is the sum of the magnetic forcgmag generated
by the two fixed cubic magnets (represented by a square)
and the electromagnetic forcg<'ec generated by the two  argund S, the electromagnetic force is proportionnal to
coils b (representgd by a doFted cwcle_). We can see clearlyye currentr in the coils [4] and we can write
when no current is applied in the coi($ = 0), the stable
equilibrium positionS of the moving cylindrical magnet/
atz = 0.0115, y = 0 andz = 0. At this point, the magnetic
force generated by is null. A current: different from zero
doesn't disturb the stability in the plane but changes the
position of S (see figure 3).5; is the new stable equilibrium  In the following, the floating-magnetic principle described
position for a non null current in section (II) will be used in order to construct a force

whereR is the reference frame of5(Z,) shown in figure 1
and MT = [x)7,yn] the position of the moving cylindrical
magnet)M in the plane £Oy).

3 . K, .
F/ell%ec—Kelec'Z—[ 0 :|'Z (2

IV. 2D PLATFORM



measurement device which will have, as a sensing elemefitames Ry, and R, are superimposed)/ and S are also

a floating platform on which the object to be manipulated isuperimposed.

locked (see figure 4). The platform mass is suspended against

gravity by the combined upthrust buoyancy of three floatB. Change of reference frame

placed at the corners of the platform. Thus, the platform The reference frame change for a point belonging to
weight is not an issue for this sensor. Each degree of freedafie platform, in the general case, is done by the following
in the plane £Oy) can constitute a direction of force or yansformation :

couple measurement.

P, b, M, = Pol(Pop - Myr,) + Ry — Ri] 3)
Py, et Py, are the crossing matrices frof; to Ry and
Micro-object to be handled from R, to Ry and they have the following expressions:

. 1 cosa  sina _ cosyp  siny
Pro =[Pn]™ = —sina  cosa } » Pop = { —siny  cosy

in which « is the angle formed by the two reference axes
27 and 2y and v is the angle formed by the two reference
axesz, andzp.

The reference frame change for a force vedigrunder
the same conditions, is done by the following transformation:

Fig. 4. Platform F/;O = Foi - F/_};l (4)

C. Force F applied onM

In this section, we give the expression of the force
applied on M in Ry. This force is the sum of the
magnetic forceFa9 due top and the electromagnetic force
Felec due to the coilb applied to the moving cylindrical
magnetM placed at the corner of the platform. For small
displacements arounfl;, we have:

A. Analytical expression of'

The figure 5 represents the elementar configuration of thlg
platform, including only one couple of magnetand coils
b oriented with an angler and generating a force on the
cylindrical magnetM placed at the corner of the moving
platform. R, is the reference frame ob(,z1,y1), with S the
stable equilibrium position of\f. The platform is moving
freely according to a fixed reference frani® (O, g, ¥o).
We also define a reference franig, (G, z,,y,) related to

1) Magnetic force: According to equations (1), (3) and
the platform with : 4):

F9 — py - K - Pro[(Pop - Myr,) + By — Ra] (5)
o |: ;( :| et (s, = ¥ /Rg mag P /Rp P
/Ry thus:

X andY are the coordinates @ in the reference frame Fma9 ) = (sina- K2, - cosa - oag + sinac- Kb - yag — cos?a - K2,
2

Ry.
. . . + -KY . sina - in + (—sina - KY, - .
When the platform is on its initial position, both reference ¥ <05 Kin - sinev- war)singy + (=sin"a- K, - war + cos”a
KY -xp + cosa- KY, - sinac-ypr + sina - KY, - cosa - yar)cosp+
(sina - K2, - cosa + cosa - KY, - sina)Y + (—sin?a - KY, + cos’a
-KZ)X 4 sin?a - KY, - @y — sina - KY, - cosa -y — cos®a - K2,

~xp — cosa - K - sinac- ypg

F%9 )/ py = (—sina - K7 - axy + sino- KY, - cosac- ypr + cosa - Ky,
- sina -y + cosZa - KY - xpr)sing + (—cosa - KY, - sina - xay—
sina - K%, - cosa - xpp — sina - K2, - ypr + cos®a - KY, - ypg)cosh+
(—sina® - K% 4 cosa? - KY)Y + (—cosa - KY, - sina — sina - K&,-
cosa) X + cosa - KY, - sina - xp — cos®a - KY, - ypy + sina - K&,

cosa - xpr + sina - K - ym

with:

X
-2

Fig. 5. Platform simple configuration (top view)



Fig. 6. Platform particular configuration

Fig. 7. Elementary configuration of laser sensor (top view)

2) Electromagnetic forceAccording to equations (2), (3)

and (4): M), is first presented (see figure 7). The distance measured

6760 — Y . . . .
F/RO = Por - Ketec - 11 (6) by the laser is given by the following expression:
We can see easily that the expressiorﬁbfs not linear. So 7 Pl
the idea was to use a particular configuration of the platform = M with : PT=1-d
in order to simplify the differential equations which govern Ty Ay
its movement. -
with:
D. Platform particular configuration P : origin of measurement

The figure 6 represents the selected configuration for the d : laser direction
platform with 3 pairs of coilsb;, 2 pairs of fixed cubic I : laser beam target on the deflector
magnetsp; (5x5mm) and2 cylindrical moving magnetd/; i : normal to the deflector surface
and M, placed at the corners of the triangular platform, [ : distance betweet and I
inside a float. An empty float is placed at the third corner in
order to ensure the stability of the triangular platform alond"Us:
Z axis. l= =
This configuration was retained in order to simplify to (Poy-71) - d
the maximum the differential equations which govern thgynere:
movement of the platform and to limitate the coupling
between the various directions of measurement (see sectiofo: =

(Por 7)) - (P - M + R, — P)

()

N

cos —sin@[)) R _{X}
y VP — Y

K . i sin cos
V). To each coilb; a reference frame?,, is associated. To / Ro
each pair of fixed cubic magnet a reference fraRyg is P= { it } it = { Ln } VA= { TA }
associated. The stable equilibrium positiSn of p; is the Y2 dk v d/m, Y4 1/n,

origin of the reference fram&,, and the stable equilibrium . _
position Sy of py is the origin of the reference fram&,,, The developement of the equation (7) allows us to write:
with:
I = (x, cosVP—yn sin’z.b)X—l-(.’cn sin +y, cos)Y
S1/ng =M1y = | |0 Sapny = Mo, = ] e e Py e 0 (®)
(Yd Tn—xd Yn ) sSinY+(zq Tn~+yd yn) cos

V. PLATFORM POSITION with det|P7i] = (yn P = 20 yr)-
The determination of the external foré&! in the plane With 3 laser sensors, the determination of the platform

(xOy) is conditioned by the determination of the magnetigosition (X, Y, v) is possible only if the 3 corresponding

forcesF,;“? and Fy,,"? applied onM; and M, (F¢'ec, Fglee  equations (8) are inversible.

and Felec are known thanks to the currents i, andis in ~ Because (8) is not linear, an idea to determiie ¥, ) is

the coilsby, b, andbs). The determination of these magneticto use a particular configuration which makes (8) linear.

forces is possible knowing the position of the platform.

In this section we present the way to calculate the platfor

position (X,Y %) using three laser range sensors. An ele- The selected configuration is as follows (see figure 8):

mentary configuration with only one laser sensor, used 6 and 77 are colinear with a norm equal to one andis

measure the distance of a deflector fixed on the platform (qrerpendicular ta? and A, Thus:

A Particular configuration



External effort

Fexl and ?exl
Currents iy i iy State X

Consign 0,0,0 in the coils Output
—_—p+ e —— —»

. (y.v)

Feedback control
and observer
Fg.and (., estimated
Fig. 8. Particular configuration of laser sensors (top view) Fig. 9. Feedback control

in which Fe#t is the external force applied on the floating
platform andFv is the viscous friction force between the

= —Yn t X t Y . .
(Tn = yn tan )X + (n tang) + ya) float and water. In case of small displacement we can write:
+ (y’n rp — Tp yP) tan¢

F%:K,,-éz[Kv 0 ]-é (13)

The laser range sensors are placed?nP;, and P; with: 0 KY

The dynamic behaviour in case of circular movement is
5 -5 0 , : e

=1 s Pr=1 and Py = | ¢ given by the following equation:

/Rg /Rg

/Rg

The system to be solved is: Z/\jl/G‘ :;]Q R . . (14)
= F /\Rle + B /\RPMQ +Cy +<ext =JO

i =—X tany+Y 4§ tany ) ) ]
lo=—tanyy X +Y — 0 tany with: Q the instantaneous rotation vector.
Ils=X+Y tany — § tanvp

o A. Evaluation ofF;
and the solution is:

g © The forceF; applied on the moving magnét/; is given
20 by the following expression:
X:5(2511—2512+4513—112+122) F_’)lZF;rlmg—FFf;ec (15)

(10)
462 4192 — 21719 + 152

whereF,f"’g is the magnetic force applied gy on A, and
Fbe?fec is the electromagnetic force applied by on M;.

5 (112 =201+ 21113 +122 — 21513 + 2511 +2613)
462 4192 — 211y + 152

Y =

(11)
B. Evaluation ofF,

The forceF, applied on the moving magnét/, is given
V1. DYNAMIC MODEL OF THE PLATFORM by the following expression:

The global aim or our study is to calculate a feedback - = - -
control which allows force measurement without displace- Fy = Fp™ + Fbellec + anerjec (16)
ment of the platform (consign 8). The figure 9 describes ag . .
the nature of the problem to be solved. The input vectotdN€"€ Fp.™" i the magnetic force applied by, on My,
are the currents in the coils, (i»,is) and the external efforts Ffiec is the electromagnetic force applied by on M; and
(Fe*t ¢..¢) applied to the platform (in the planeOy) and F;j“ is the electromagnetic force applied by on M.
considered as perturbations. The output vector is the platform , )
position (X,Y ). The development of the equations (12) allows us to write:
The state model is going to be established from the differ- ,, J; ]: [ fzg’f,a, Oy H x ]+[ ~K3 0 H x ]
ential equations given by the platform dynamic behaviour in ke oo i et
the plane £Oy): Lo ] +[ Pyt ]

17
with m the total platform mass.

F1 +F2+F/URO -‘rF;;Eé :mG/RO (12)



In case of circular movement projected on thaxis, we 55x10° ‘
can write from the dynamic behaviour (14): o[ \\ \
Jypth = — K, - 8(iy - siny) + iy - cosp — i3 - cosp) + 2((KZ, g? | / \ /\\\/\/ N RGNt
- K%)C()Slﬂ - K;;z) - sina - 5 — K':Ot/lb + Ceat 05 \u”
/ .
For very smally) we can writesiny = v, cosyy = 1 and % 2 4 6 8 10 12
1 - siny = 0, thus we have: 10X10°
. . — v2d
. . 2 t /
Jpp = —Ke - 6(i2 —i3) — 2K5,96° — K, + Ceqr (18) o/ \ e e
(17) and (18) give the linear state model suitable for small F D/
displacements:
% 21,(; 0 0 « Sy 2 4 6 8 10 12
[ Y ] = 0 72{(;“ 0 [ Y ] te)
P o o 262)5? P
KT o o _ Fig. 10. Responses aloigand of the two 2D and 3D analytical models
m KY [ X ] for a step current; = 0.4
+ 0 —# 0 Y
Krot ¥
;J( 0 - F (19)
—=£ 0 0 . . .
. m K K, [ i ] By comparison of the two models resulting curves, the
0 % o is linear 2D analytical approach only makes small changes in
% o0 Fget the temporal behaviour of the system. Therefore, the linear
" o 0 * & state model (19) is sufficient to calculate a controler if

and the state variable representation is:

r x
Y
K -
X
v
L
0 0 0 1 0 0
0 0 0 0 1 0 x
0 0 0 0 0 1 Y
2K KT
Kom o 0 -2 0 0 )’/;
0 _2Kp, 0 0 _K3 0 v
m 2 y m rot f
0 0 _ 207Ky 0 0 _ Ky ¥
W Jop
0 0 0 0 0 0 et
0 0 0 0 0 0 Fy
0 0 0 0 0 0 et
1 K
+| 0 0 - 0 0 Cext
o L 0 0 Ke Ke :;
o s 1 o _Ke 5'Ke i
Ty Ty Ty
x
Y
X 1 0 0 0 0 o0 ¥
Yy |=|l 0o 1 0o o o o x
» o 0o 1 0 0 o0 v
b
(20)
[1]
[2
VII. M ODEL VALIDATION

currents in coils are below.4 A.

VIIl. CONCLUSION

In this paper we have presented a 2D modelling of a six
degrees of freedom platform used as the sensing part of a
micro and nanoforce sensor based on a floating-magnetic
principle. The particular configuration used in order to sim-
plify the differential equations which govern the movement
of the platform allowed us to build a 2D linear model of
this micro and nanoforce sensor. This linear model and the
state variable representation presented in this paper will be
essential for the control of our multivariable system in order
to achieve force measurement without deplacement of the
sensing part. In this paper we have also presented the way
to calculate the platform position with the use of three laser
range sensors mounted in a particular configuration.
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