N

N

Microforce sensor for microbiological applications based
on a floating-magnetic principle.
Ali Cherry, Joél Abadie, Emmanuel Piat

» To cite this version:

Ali Cherry, Joél Abadie, Emmanuel Piat. Microforce sensor for microbiological applications based
on a floating-magnetic principle.. IEEE International Conference on Robotics and Automation,
ICRA’2007., Apr 2007, Rome, Italy. pp.1504-1509. hal-00162286

HAL Id: hal-00162286
https://hal.science/hal-00162286
Submitted on 13 Jul 2007

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-00162286
https://hal.archives-ouvertes.fr

Microforce sensor for microbiological applications based on a
floating-magnetic principle

A. Cherry, J. Abadie and E. Piat

Abstract—In this paper, we present the design of a new ways of interaction such as for instance the possibility of
magnetic nano and microforce sensor for microbiological ap- feeling efforts.
plications. The sensing part of the sensor presents a naturally Forces sensing is strongly related to the measurement of

stable six degrees of freedom equilibrium state using the disol ¢ def fi f lasti truct Th
combination of upthrust buoyancy and magnetic force. The ISplacement or detormaton or an elastic structure. e

sensor allows force measurement without deformation of the deformation is either detected by measuring the change in
sensing element using a feedback control loop and is able to some material properties (electrical resistance, capacitance

measure t_he components, in the horizontal plan, of the external etc. . .), or directly measured by optical devices. The applied
force applied. The measurement range varies between around force js directly calculated using the structure stiffness
+ 100 pV with a resolution of 20 n N and a linear output. The S : . 8 .
mechanical stiffness of the passive system is abo018 N.m " which is estat_)hshed after cahbrqtlon with a known force.
(same order of magnitude than an AFM micro-cantilever). A A short selection of nano and microforce sensors based on
complete static study and experimental validation of the used this principle is described below.
principle are presented in this paper.
A 3D micromanipulation system was developed by [1].
This system allows to control the interface forces in contact-
Recently, microscale sensing and manipulation hawype micromanipulations between objects and effector, using
become a challenging issue mainly in micro-assemblg multi-axial force sensor built with strain gauges. The force
of hybrid microsystems and biomanipulation. In fact, thesensing is based on the piezoresistivity effect which has
potential applications are vast. In this context, many toola good linearity in some conditions. This type of sensor
have been developped to visualize the micro world, buhust be calibrated before each measurement because of the
unfortunately it is not the same with regard to measuremenpgastic deformation. The size of the gauge must also be
of micro object mechanical parameters or concerning thedapted to the sensing structure dimensions. In the case of
forces applied on it. microstructures, the gauge fabrication becomes difficult to
achieve.
In the field of single cell micromanipulation, the handling Sun introduced a design of a planar capacitive force sensor
of individual cells is still often solved manually by humanwith 6 degrees of freedom used to characterize Mouse Zona
operators without force sensing. These tasks require lomellucida and quantify its mechanical property differences
hours of practice and in spite of individual training, thebefore and after fertilization [2]. This capacitive sensor is
failure rate remains very high. In fact, the high degree ofble to resolve normal forces applied to a cell as well
accuracy needed for tools positioning and the weakness @a$ tangential forces generated by improperly aligned cell
the mechanical efforts involved in these tasks make theprobes. However this design is fabricated using MEMS
very difficult to achieve. It is important to notice that thesetechnology and can not measure constant forces.
forces are included in the micro Newton scale. Such small Li designed a highly sensitive 1-D and 2-D sensor system
forces provide a difficult challenge for designing sensorfor applications in micro-assembly and bio-manipulation
that can output measurements with high resolution and higtsing an in situ PVDF (polyvinylidene fluoride) piezoelectric
accuracy. sensor [3]. The sensor system has a resolution in the range
of sub-micronewton. The charge developed across the plate
Such force measurements appear also useful in thelinearly proportional to the applied pressure and thickness
field of the micro assembly. When manipulating micrdout decrease with time when a non-varying load is applied.
objects, especially delicate structures, pure position control Girot and Rougeot used a system based on atomic force
is usually not adequate or sufficient to ensure successfuicroscope (AFM) to analyze the contact forces and remote
operation and prevent damage to the objects. Force contfofces at a microscopic scale within the framework of
is often needed in order to achieve better manipulatiomicromanipulation [4], [5]. The sensing element is a micro-
results. Our objective is to improve the communicatiorcantilever with a stiffness’ = 0.03N/m. The applied
between the operator and the micro world by including neviorce is proportional to the micro-cantilever deflection. The
drawback of this technic is that it's a global quantification

This work was not supported by any organization __of force without indication of the measurement direction and
A. Cherry, J. Abadie and E. Piat are with Laboratoire h h f licitati
d’Automatique de Besancon - UMR CNRS 6596 - ENSMM, Francet us the type of solicitation.

Emmanuel.piat@ens2m.fr Other type of microforce sensors based on AFM used

I. INTRODUCTION



a carbon nanotube (CNT) probe, calibrated by the electro-
mechanical resonance [6]. The CNT is attached to the AFM
cantilever by an electron-beam-induced deposition (EBID).
The sensor is able to measure the contact forces in pico-
newton order resolution by measuring the deformation of
the CNT probe from FE-SEM images.

All the systems described before are monolithics. In the Do
case of micromecanisms constituted by several assembled material
parts, friction prohibits correct force measurement in the —
microworld. One way to avoid friction problem, is to use
levitation methods in these devices.

Our laboratory developed a microforce sensor based on

magnetic levitation in entirely passive configuration usingrphis naper presents the description of this new micro forces

diamagnetic and magnetic materials [7], [8], [9]. The levigensor which is totally compatible with biological materials.

tating part (see figures 1 and 2) is used as a one directigiyh static and dynamic studies are presented with a 1D
force sensing device. The displacement of this device, WheRqqe| and model identification is explained. As this paper
an external force is applied on it, is measured using @ focused mainly on the sensor design and not its complete
laser beam and is proportional to this force. The absence §f gynamic model, only a simplified 1D model is detailed
friction associated with a low stiffnessi( = 0.021 N/m) pere "Moreover, as the sensor allows measurements of forces
makes the sensor highly sensitive. The only problem of thigjihout any displacement of the sensible part, we briefly

configuration is the weight limitation of the levitating partpresent the design used to make possible the feedback control
(less than 200 milligrams). loop.

Levitating
magnet

Fig. 2. Levitating force sensing device

Laser Il. SENSOR CONFIGURATION
sensor

Magnets Magnets

Fig. 3. Sensor configuration (two of the three buoyancy tanks are presented)

The sensing element is a triangular platform suspended
by 3 small buoyancy tanké;, L, and L3 and presents a
naturally stable six degrees of freedom equilibrium state (see
figure 3). Thus, the sensing device is the entire platform

Diamagnetic Legit;ﬂing on which the object to be manipulated is locked. Each
\ Tl glass tube buoyancy tank is formed by 2 fixed cubic magnéts
f (5x5mm) and a cylindrical moving magnét/s placed at

| ‘ the corner of the triangular platform, inside a float. The
magnetsM; are placed such that their north and south
Fig. 1. Force sensor based on passive diamagnetic levitation ~ poles are in opposite directions. The distance between the 2
magnets)/; influences the value of magnetic forces applied
Because passive levitation is naturally stable and seeroa the floating magnetd/;. The magnets\/; and M, are
a very efficient and low cost principle to measure micromade of NdFeB and the three floating magnéfs have
forces, we decided to carry on the work initiated by [7]a radius of 2mm and a thickness of 2.5mm. The platform
substituting diamagnetic levitation by a floating principlemass is supported against gravity by the combined upthrust
in order to suppress the weight limitation. The part usetluoyancy of the three floats. Thus, the platform weight is
as the force sensing device is also naturally stable withot an issue for this sensor. Magnetic forces of magnéts
6 degrees of freedom (proof not included in this paperprovide stability of platform in the plane (xOy). The upthrust



buoyancy provide the stability along axis. The platform X 10"

position is measured with three laser interferometers. In this i
case, an external force applied on the floating platform can be A ‘\
deduced according to its magnetic stiffness and displacemen
measured by the laser sensor. 15 \

In all next sections of this paper, the study will be only ) LS
focused on one of three buoyancy tarlks L, and L3. The g \
same study is also valid for the two other buoyancy tanks. &~ os| z \\

e
lIl. STATIC STUDY o ;—» i :
g

In this section, the principle of force measurements ac- 05k >
cording to#, § and Z directions is presented. Concerning the I
module Ly, at the equilibrium state position four external i o ool 550 Gois 6o GoE  omd
forces described below are applied on the floating magnet X ()

M, (see figure 4).
Fig. 5. Magnetic force produced by the 2 permanent maghétsalong
T

M1
Fb A. Evaluation ofF,,.,
Fatt The magnetic field produced at a poilt by a permanent
7 magnet modelled by a surface distribution of loads is given
1 ) Float by the following equation [10]:
: x Fmag Biag(M) = .”s+ % ‘ﬁi\l\g|ds+
) 2)
Fatt M } (
—J BM —
" : - 5y
The determination of the field componen8® (M),
M1 BY(M) and B#(M) at the pointM can be done by the
integration of the equation (2) alongy andz. The magnetic
Fig. 4. Forces applied on the float force applied on the magnét/s is given by the following
equation :

The top magned/; applies an attractive force, calléd;, . . .
on M,. The lower magned/; applies also an attractive force Finag = / My - VBiag(M) - dv (3
calledF!,, on M, obtained symmetrically to the plar@y). . v
We noteF},,,, the vectorial sum of,,; andF’,,. The third  where B,,,,,(M) is the field produced by both magnets
force is the upthrust buoyancy callég applied by the water at a pointM inside the magnef/,. V is the volume of
at the centre of gravityy of the float alongz. We will also  magnet)M, andn;, its magnetization. This magtisation is
suppose tha€; is the centre of gravity of magnet/s. The about8.89 x 10* A-m™'.
fourth force P, also acting along, is the total weight of the ~ Figure 5 presents the evaluation of the magnetic force
float. When an unknown external forée,; is applied at the alongz such thatFy,., and F%., equal to zero. This curve
centre of gravityG of My, the new stable equilibrium state allowed us to calculate the magnetic stiffnésg = dF, /dx
is obtained applying the principle of static at the float centref our passive floating system at any float position. On this

of gravity G(za, ya, 2¢): curve we note a particular poirf which corresponds to
the equilibrium of the float wherF,,,=0. The cartesian
Fn?ag +F+P+F =0 (1) coordinates ofS arex = 11.7mm, y = 0 andz = 0

according to a fixed reference axé¢x,y,z). The origin L
. . of the fixed reference axes is located at the center of upper

Becausel;, and P are the largest forces (several orders oaind lower magnetd/; (see figure 4). One can notice that
magnitude) compared to the other microforces, it is possibl&, does not have an influence ¢hbut only on K.
to consider thaf', ., is applied only in the£Oy) plan. Thus,
F, compensate$® and we can WriteF..,;=Fynaq. _ =

The determination of the external forde,, in the plane A. Dynamic equilibrium
(zOy) is conditioned by the determination of the magnetic The dynamic equilibrium along is given by the following
force applied on. The determination of',,,, is possible equation:
knowing the position of the floating magnfs. Foo+ Frag + Ff + Fy =mi 4

IV. SIMPLIFIED MODEL OF THE FLOAT (1D)



in which F7, is the external force applied on the floating 0014

magnetM; along z and F7, . is the magnetic force pro- S i:?ﬂu
duced by the two permanent magnét§. In case of small 0_013,ﬂ'\ ]
displacements around the point of equilibrium st&tethis [ f\
function is assumed linear and we can write : 0012/ Ml ,f“\v
R J f/ \\,// \\/\j \//x17¥ pre——— ‘\,‘ i
£
Fig = K5, 7 @ =

0.01]

. . .. o.oogl
F7 is the viscous friction force between the float and water
(atmosphere influence is neglected). Like for the magnetic . ‘ ‘ ‘ ‘ ‘
force, in case of small displacements we can write : g t©)

The stiffnessk®, at S is about18.9 x 1073 N.m™*

F?jf — K}f ox (6) Fig. 7. float response along

in which K% is the friction coefficient.
Finally, FZ is the total perturbation force, like capillary force V. FORCE MEASUREMENT WITHOUT DISPLACEMENT
(which disappears in case of symetric meniscus) and like theWe saw previously that force sensing is closely related
delayed return wave of water generated by the displacemdntthe measurement of the sensitive part displacement. This
of the float and reflected on the boards of the container. displacement can generate drawbacks in the case of high
According to a fixed reference axes with orighy the precision tasks such as biological cells micromanipulation or
equation (4) becomes : micro-assembling. For instance, the force sensitive part on
figure 3 is the entire plateform. If this plateform moves when
external forces are apply on the micro object, the micro-
object will also move, which can be problematic for the
operator. Thus, the key idea here is to developp a device
wich allows force measurements without any (or only very
This section is devoted to the model parameters deternsimall) displacements of the sensitive part, thanks to an active
nation. Among these parameters, the magnetic stiffili€ss control. The design used to make possible the feedback
is already identified knowing the magnetic force. The weightontrol loop is composed of two coils placed on both sides,
of the floatm, measured with a microbalance’$6 x 10~  above and below the floating magnet (see figure 8).
kg. The friction coefficient7, is evaluated using the free
response of our system. It is obtained by pushing manually
the float beyond the equilibrium poistand rapidly releasing
it. These measurements were done using a laser displacement
sensor which hasum resolution (see figure 6).

T
Fezt

+ FP =mi+ K% + Kha @)

B. Parameters identification afD model

Laser sensor Rty PR

PC with
acquisition card

w

Fig. 8. Floating mechanisni; equipped with two coils

Fig. 6. Experimental measurements of the free response

The figure 7 shows the response of the experimental
system and the simulation curve after the evaluation of the In case of an external force applied to the float which
friction coefficient K% (this coefficient has been set so thatends to push it beyond the poift the activation of coils
both curves are the closest possible). This friction coefficientill produce an opposed electromagnetic force... that will
is 0.8 x 1073 N - s-m~!. The difference visible on the maintain the float or. In this case, the curreritin the coils
graph between the simulated and experimental curves igsthe new physical value related to the external force.
due to the 1-D model which doesn't represent correctly Figure 9 shows the step response for positive and negative
the 2D magnetic coupling or and y axes. Perturbation current. The displacement obtained is the combination
forces explained before could also possibly have an unknovaf both magnetic and electromagnetic behavior duE,;gg
influence, which has to be investigated. and Felec The response for positive and negative current is



S S, In this equation the electromagnetic force of two coils

. /f\ . alongz axis (F7,.) has been introduced to the equation (4).
LI AoAa~i b . ; i
Jo YV T los B. Experimental validation
v ‘ o ) )

o , ;‘ , I Thanks to the magnetic field equations of coil, We have
E \ r'\ z built a complete analytical model programmed in C++ and

A ' ] "'\ A~ ™ embedded in Matlab/Simulink. This model allowed us to

5 VY 04 simulate the electromagnetic forég;.. applied to the float.

I The figure 11 presents the evolution of this force alang

. | 08 in the reference axe$L, ¥, 7). The coils axis (pointB)
I S S is 5.7mm far from L. The coil used for this simulation
te) is a circular coil of 50 spires with a radius of 1cm and
a maximum current 0f.5 A. The maximum value of the
Fig. 9. Step response for positive and negative current electromagnetic force is produced 6mm far from the coils
axis. This value is about 68 NV for a current/ equal t00.4
- . A.
not the same becaudg,,., is not symmetrical around.
A. Evaluation ofF;.. gx10°
The magnetic field produced by a coil at a poiht ol fF\\
(in a cylindrical axes reference) is given by the following Heagnels wis '\\
equations [11]: 4 W s
N
2F \\\
T __ Mo 2\ cosf e \
BQ(M) — o7 (Iﬂ—Na’2> Sg‘ie ? o L oo *\IB s -
Betee(M) =4 BY(M) =L (InNa?) 220  (8) i cot e
B?(M) 0 2 /
\ /
-4+ \\\ //
z \
6} \Fmax
A Belec ‘+//
M -6.8005 6 0.605 0.61 0.615 0.62 0.625 0.03
X (m)

Fig. 11. Electomagnetic force produced by the two coils

The distancel.B is choosen in order to have a maximum

electromagnetic force at (see figure 12) which gives the
sensor usefull range.
X

My
Fig. 10. Circular spire @

in which : r, 0 and¢ are the components of the cylindrical 4 E

coordinates (see figure 1Q)\ is the number of spires; is iz 57
. . . » Amm_ i 6mm N

the radius of the coil and the current. These equations are M h > Cioat
valid in the case of microcoils, supposing that all spires are Dl Lége—> 11-;_mm e EE*
concentrated in the same place. i : s "

Like for magnetic force, the electromagnetic force applied i 2
to the magnetl, centre of gravityG is given by the v =
following equation : s

Filee = / 1Ty - V Betee(M) - dv ©)
V . . e .
The new dynamic equilibrium along in the presence of Fig. 12 Optimal position of coils

the two coils is given by the following equation: The figure 13 represents the evaluation of the sum of

magnetic and electromagnetic forces alaondor different
values ofI. In the final design of the sensor, this sum will
have to be controlled for each float in order to maintain the

Fooy+ Flee + Fy =mi + Kix + 2 K7, (20)



platform onS. We can notice that wheh is equal to zero, stabilized by a magnetic field. Compared to our previous
we have a null electromagnetic force and the curve drawferce sensor using diamagnetic levitation this configuration
with little stars represents the magnetic force only, like omasn’'t weight limitation of the levitating sensing part. The
figure 5. At the pointS of static equilibrium, the magnetic sensor allows force measurements without displacement of
force is always null. On this point the maximum externathe platform. The current in the coils, proportional to
force which can be measured by the device, without platfortine external forcg=<*¢, provide a linear output. The global
displacement, will be equal to the maximum electromagnetiglatform mechanical stiffnesd(,, is about 18.3 x 1073

force that can be generated at this point.

N.m~!(close to the stiffness of a classic AFM micro-

cantilever). In this paper we have also presented a complete
x10* ‘ ‘ ‘ analytical model of one of the three buoyancy tanks. This

F1(i=0A)
+ F1(=0.1A)
o Fl(=02A)

F(=0.3A)
——F1(i=0.4A)

z L
! \
q.
0 Ng4s
£
N o o
;\o E f ;éf*ﬁﬁw
4 SR ey
-0.01 -0.005 0 0.005 0.01 0.015 0.02 0.025 0.03
x (m) [1]
Fig. 13. Evaluation of the total force alorgfor different I
(2]

To calculate the electrical stiffness of our configuration,
we have also plot the electromagnetic foteg, . when the
float is positionned on the point of stable equilibriuf{thus 3]
Frag = 0), for different values ofl (see figure 14).

8 : : : : : : [4]
6; A o
4ar 1 [5]
2, s
3 (6]
8 O 1
TI:LX
2k o
ol T 7]
6 4
_—%.4 -0‘.3 -0.‘2 -0.‘1 6 0‘.1 0‘.2 0.‘3 0.4
i(A) [8]
Fig. 14. Electromagnetic forc iflw at S for different values off (9]
We can see easily that the relation betweemnd the
electromagnetic forcé&?;. . is linear, that allowed us to write:
[10]
exlec = Kg : Z<t) (11)
[11]

Where K7 is the electrical stiffness. It's value is716 x
1074 N.A7L
VI. CONCLUSION

A six degrees of freedom microforce sensor prototype was
presented in this paper. The sensing part is a floating platform

model allowed us to simulate the electromagnetic fdreks©
applied to the float by the coils and the evaluation of both
magnetic and electromagnetic forces for different values of

| The study of the frequency response, the perturbation forces
rejection, the platfornBD modeling, the position control,
the assembling and experimentation of the complete sensor
is currently under development. Concerning the frequency
response, this one will certainly exhibit modal resonance
because of the delayed return wave of water generated by
the displacement of the float.
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