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Abstract— The objective of this article is to
analyse the impact of liquid surface tension on
force measurement in submerged micromanipulation.
Firstly, at the present, mechanical characterization of
biological objects in biological liquid has significant
interest. Secondly, the reduction of the surface force
and adhesion forces in a submerged medium could be a
relevant approach to perform reliable artificial objects
micromanipulation. In both cases, the micro-nano
force measurement in a liquid is a great challenge.
In case of a force sensor placed out of the liquid,
the measurement is disturbed by the liquid surface
tension. This article proposes an analysis of these
disturbances on force measurements. Some design
rules are proposed to reduce disturbances. We show
that the major disturbances are induced by the contact
angle hysteresis and a complete method is proposed to
calculate these disturbances in a micromanipulation
task.

Index terms — Micromanipulation, micro-assembly,
capillary force, micro-force measurement.

I. INTRODUCTION

UBMERGED micromanipulations can be divided

into two types: the biological micromanipulations
and the artificial submerged micromanipulations.
Both micromanipulations have different contraints
like biocompatibility, temperature regulation or corrosion.
However this study on force measurement in liquid is
general enough to be applied in both types of submerged
robotic micromanipulations.

Firstly, micromanipulation of biological objects is of
significant interest in biotechnology. Moreover measure-
ment of forces and mechanical properties on the cell is
a relevant research activity. It is indeed well established
that mechanical contraints applied to cells affect their
elementary biological functions [1-3]. The study of the
interaction between biological properties and mechanical
properties need to measure experimental microforce in the
biological liquid.

Secondly, the micromanipulation and micro-assembly of
artificial objects can be performed in liquid too: as the
complexity of microsystems is always higher, new fabrica-
tion technologies of complex and/or hybrid microsystems
are needed. The robotic micro-assembly is a solution to

perform fabrication of new generation of microsystems [4].
An assembly task needs to be able to manipulate micro-
object with a good repeatability and efficiency. Now, the
current micromanipulation strategies are limited by the
adhesion and surface effects (pull-off, van-der-Waals, elec-
trostatic, capillary) and no reliable strategies is performed
under fifty micrometers [5,6]. To reduce this physical limit,
a solution is to change the environment and to manipulate
the object in a liquid medium. The liquid medium (water,
oil, etc.)effectively reduces the adhesion and surface forces
significantly [7-9]. The robotic micromanipulation of arti-
ficial objects need although the measurement of the force
applied on the object to preserve it.

Thus in cases of biomicromanipulation and submerged
micro-assembly, the measurement of the microforces in a
liquid is a critical step.

As the volume of the liquid medium can be small, it
can be attractive to place the force sensor outside of
the medium (see in figure 1(a)). In that case, the force
sensor measures the sum of the microforce applied by
the micromanipulator on the object (desired force) and
the surface tension force applied by the liquid surface.
Consequently, the measurement is disturbed by the surface
tension force.

It is not the case if the sensor is submerged (see in figure
1(b)). Thus, the position of the force sensor (submerged or
not) has an influence on the force measurement precision.

movement of the tip

force sensor
microtip

force to measure

force to measure
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(a) Non-submerged Force Sen-
sor

(b) Submerged Force Sensor

Fig. 1.  General Architecture of the Force Measurement in Sub-
merged Micromanipulation with an External Force Sensor

The objective of this article is to propose a general



method to calculate the disturbances of surface tensions.
This calculation will consist of a criteria to choose the right
sensor position (submerged or not) for micromanipulation
applications. Other potential disturbances like drag force
induced by the liquid or dynamic effects are not studied in
this article. This study is consequently reduced to static
force measurements.

II. ImPACT OF THE CAPILLARY FORCE

The disturbance on force measurement is not induced
by the ‘global’ value of the capillary force but especially
by variations of the capillary force when the micromanip-
ulator is submerged. Effectively, the ‘global’ value can be
easily eliminated by a resetting just after the submersion.
We reduce this study to a tip whose shape is a vertical
volume of revolution and we focus on the vertical force
measurement (see in figure 2). Moreover, we consider that
the liquid surface is large enough compared to the capillary
length:

M
_ 1
pr-g ( )

where p; is the liquid density, ~; is the liquid surface
tension and g is the gravity.

le =

The parameter z;, represents the opposite of the mi-
cromanipulator altitude. The reference altitude z:;;, = 0 is
reached when the micromanipulator touches the liquid.

movement of the
micromanipulator

micromanipulator

surface tension
force

Fig. 2. Case Study

A. Definition of the Capillary Force

The steady state total force F; applied on the tip is the
sum of the weight, the archimede force and the capillary
force F'. As the liquid interface is larger than the capillary
length [., the capillary force applied to a tip with a radius
b and a perimeter p = 27b is:

F = —py,cosf (2)

where 6 is the contact angle.

The aim of this study is to analyse the influence of the
variation AF}; of the force F; applied to the tip on static
force measurement. Weight variation can be neglected.
As the typical vertical movements in micromanipulation
are up to one millimeter, we assume than the variation
of the volumic Archimede force is negligible compared to

the variation of the surface capillary force. The relative
variation AF}/F; is thus given by:
AF;  AF  Ap Ay 3)
F; F p Vi
The impact of each parameter is analysed in the follow-
ing sections.

Acosl
cos

B. Impact of the Perimeter

In the configuration presented in figure 2, the variation
of the perimeter Ap is directly a function of the tip shape.
To cancel this variation, the shape of the tip must be
regular near to the surface air-liquid.

C. Impact of the Surface Tension

The surface tension is a function of the liquid chemical
composition and the temperature. We assume that the
chemical composition of the liquid is a constant in a
submerged micromanipulation. Thus the variation of the
surface tension -y; is directly a function of the liquid
temperature:

1(T) = v(To) [1 — (T — To)] (4)

where ¢ is the relative thermal variation rate of the surface
tension.

Some examples of variation rates ¢ are described in table
I. The relative variation of the surface tension in function
of the temperature is done by [10]:

A
SN AT (5)
"
For example, a large temperature variation AT = 10°C'
induces a relative variation of the water surface tension:

ﬂ = —0.021 (6)

Vi
Consequently the variation of the temperature is able
to disturb the measurement of the force applied on a
tip. However, to reduce the impact of the temperature,

a control of this physical parameter can be performed.

TABLE I
TyPICAL RELATIVE THERMAL VARIATION RATES
OF THE SURFACE TENSION(§) [11].

liquid type v (mN.m™T) 5 (KD
water 72 ~21103
silicone oil 20 ~ 1073
organic liquid 50 1073 to 102

D. Impact of the Contact Angle

In case of a perfect solid surface (i.e. without roughness),
the contact angle 6 is an unique value [12]. In reality,
the solid surface is heterogeneous and rough, thus the
contact angle takes different values contained between
an advancing angle 6, and a receding angle 6,.. This
hysteresis phenomenon has two major origins: the chemical
imperfection and the roughness of the solid surface.



Some examples of contact angle hysteresis values are
reported in table II to show the order of magnitude of this
phenomenon. The variation rates A cos 6/ cos 6 reported in
table II are determined as:

Acos  |cosf, — cost,|
" |cos@,|+]|cos 6, (7)
2

cos 0

These examples of variation rates are very high compared
to the temperature disturbances (eg. equation (6)). Conse-
quently, the major capillary force variation is caused by the
hysteresis of the contact angle. Now, the measurement of
the contact angle in submerged micromanipulation would
require some specific vision system in a very small space.
It is relatively difficult even impossible to measure in real
time the variation of the contact angle in an experimental
micromanipulation system.

TABLE II
EXAMPLES OF CONTACT ANGLE HYSTERESIS [13-16]

Liquid Solid fa (deg) | 6, (deg) | 25F
Water Polypropylene 109 80 2.0
Water Ruby 65 30 0.69
Water Glass 41 30 0.14
nHexane | Coated-silicon 53 41 0.23

To conlude, in the case of measurement of a force in
submerged micromanipulation tasks, the variation of the
capillary force induced by contact angle hysteresis cannot
be neglected, and cannot be measured. The description
and model of the impact of this phenomenon on force mea-
surement in submerged micromanipulation is described in
the next section.

III. IMPACT OF THE CAPILLARY ANGLE HYSTERESIS
A. Presentation of the Phenomenon

We assume that the perimeter p of the micromanip-
ulator is constant near to the liquid surface, and that
the temperature is constant also. The study presented
is reduced to a quasi-static analysis and velocity of the
contact line is not considered. The typical capillary force
applied on the micromanipulator during an advancing-
receding trajectory is presented in figure 3.

First the micromanipulator goes down (mark A on figure
3) and touches the liquid surface (mark B). From mark B
to mark C, the micromanipulator penetrates the liquid:
the contact angle reaches the extremum value 6,, and the
capillary force stays constant. When the micromanipulator
goes back, the contact angle decreases gradually from 6,
to 0,: the capillary force increases (from mark C to mark
D). From mark D to mark E, the micromanipulator carries
on moving, the contact angle has reached the extremum
value 6, and the capillary force is constant. To finish, the
contact between the micromanipulator and the liquid is
broken (mark E) and the force is cancelled (mark F).

The difference between the advancing force F, and the
receding force Fi. is defined as F,.. The distance covered
by the manipulator between the marks C and D is noted

Zar-

Fig. 3. Capillary Force Hysteresis Induced by Angle Hysteresis

B. Modelling

The aim of this part is to compute classical model of
the capillary forces to obtain an analytic model of the
parameters 2z, and F,,.

1) Determination of Fy,.: Parameter F,, is obtained
from the definition of the capillary force described in
equation (2):

F,.=F,— F,. = —py(cosf, — cosb,) (8)

2) Determination of zq-: On the arc ‘CD’ in figure 3,
the contact line between the liquid surface and the tip is
fixed. The contact angle varies from the value 6, to 0,.
The heights of the liquid meniscus in case of 6, and 6, are
respectively noted h, and h, (see Fig.4). Consequently:

Zar = hr - h/a (9)

To determine the value of z,., the value of the height
h of the meniscus has to be expressed in function of the
contact angle 6. We assume that the radius b of the tip is
lower than capillary length [.. Consequently the meniscus
shape is classically defined as a surface of which curvature
is null [12]. In the case of a cylindrical tip, meniscus shape
is defined by [12]:

h —
r =1b.cosh <b,2>

where b and h' are constant and are function of the limit
conditions.

The contact angle 6 and the height h are obtained for
r = b (see in Fig. 4), and the length of the meniscus is
usually defined by the capillary length . so:

=b= 2=
"= dr — —tan(9)
r=l.=2=0

(10)

(11)

So:

7z+h+b.acosh( Cols r ) cos 6
(12)

r = b. cos 0. cosh -
b.cos 6

r=Il.=2=0



Consequently:

l. 1
h=bcosf {aco&h <b. COS&) — acosh (cos&)] (13)

From (9) and (13), the parameter z,, is so defined by:

I, 1
v e ) ot ()]

I, 1
—bcosb, {acosh (bc059a> — acosh (cos 9a)] (14)

Characteristic parameters F,, and z,. of the hysteresis
cycle (figure 3) are defined by the equations (8) and (14).
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Fig. 4. Meniscus Shapes

C. Impact on Micromanipulation Tasks

The aim of this part is to present the variation of
the capillary force AF' induced by the capillary angle
hysteresis. Two cases are differentiated in function of the
vertical movement Az required by the tip:

o case of large vertical movement: Az > z,,
e case of small vertical movement: Az < z,,

In the case of large vertical movement, the capillary
force F varies from F, to F, and the variation of the
capillary force is then:

Az > z4r = AF = F,, = 21by(cos, — cosB,.) (15)

In the case of small vertical movement, the capillary
force F' does not vary on the complete interval [Fy, F}.].
Consequently the variation of F' is smaller than F, and
is a function of the vertical movement Az. The force F
described the arc ‘CD’ during the vertical tip movement.
The arc ‘CD’ described in Fig.3 is defined by the equation:

ziip = —(h — hy) + 2z,  (where: z, = constant)

27l
{acosh ( 71F’Yl) — acosh <f¥)] + he + 24

(16)

27y

In case of water, the theoretical arc ‘CD’ described by
(16) is relatively comparable to an affine function (see in
Fig.5). Consequently the derivative %(CD) on the arc
‘CD’ can be approximated by a constant value, and AF
is expressed by:

dF F,—F,

AF ~ —(CD)Az ~ ————A 1
iz (CD)Rz = = Az (17)
Consequently the variation AF is approximated by:
A
Az < zgr = AF = 271by;(cos 0, — cos HT)—Z (18)

Zar
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Fig. 5. Simulated Arc ‘CD’ and Affine Approximation

The equations (15) and (18) give a model of the distur-
bance AF on force measurement in function of the range
of the tip vertical movement Az, the radius b, the surface
tension 7; and the contact angles 6,, 6,..

Both angles 6,, 6, are dependent on a lot of parameters
like tip material, tip roughness, surface oxydation, inclu-
sions. Consequently in most cases of application, their de-
termination will require experimental measurement. More-
over, reduction of the disturbance AF which is function
of both contact angles, can be obtained by modification of
the surface properties (roughness modification, oxydation,
coatings, etc.).

IV. EXPERIMENTATIONS

To validate experimentally the force disturbance model,
some experimentations were done.

A. Measurement Set-up

The experimental force measurement device is described
in Fig.6. The measurement of the force is performed by a
precision balance (Adventure AR0640, OHAUS) which is
able to measure surface tension forces (around hundreds
micro Newtons). Water is in a standard petri box whose
diameter (7.5c¢m) is larger that the capillary length . =
2.7mm. The petri box is placed on a motorized microposi-
tioning stage (Physik Instrument, PI-M-112.1-DG) whose
velocity is around 50 yum.s~!. The glass microtip is fixed
to the microbalance to measure surface force. The relative
position between surface water and the tip is controlled by
the micropositioning system. Relative displacements and
measured forces are recorded by a computer.



micropositionning

Fig. 6. Experimental Measurement Device of Capillary Force

B. Ezxperimental Force Measurement

The experimental temperature is T = 20°C,
consequently v, = 72.8mNm~!. The tip shape is
cylindrical with a radius b = 475 um, excepted at the
bottom of the tip, where the radius is slightly higher.

-0.05

-0.15

capillary force F (mN)

~0.25 . . . . . .
-2 -1 0 1 2 3 4 5
vertical displacement Zp (mm)

Fig. 7. Experimental Measurement of a Capillary Hysteresis Cycle

The experimental capillary hysteresis cycle presented
in figure 7 is near to the theoretical curve (see in figure
5). The penetration of the liquid takes place in mark A.
The major differences between experimental measurement
and theory appear just after the contact (mark B) and
before the exit of the liquid (mark E). These differences
are induced by the shape of the bottom of the glass tip.
Effectively, at the bottom, the glass tip has no constant
radius b. This effect was not taken into account in the
theory. Some advancing-receding cycles (marks B-C-D-E)
were made at different altitude z and show a relatively
good repeatability. The affine function seems to be a good
approximation of the arc ‘CD’. This hypothesis is validated
by the experiments.

The experimental values measured on Fig.7 are:

Zar =575+ 180 um
F, =1014+5uN
F, =208+10uN

(19)

In most cases of application, the contact angles de-
termination will require experimental measurement. T'wo
solutions can then be used:

o the direct measurement of angles with a specific ma-
terial, or

o the indirect measurement by the measurement of the
capillary force with a force sensor.

As the first solution requires specific material it can be
easier to determine the experimental angle with the force
measurement. We chose to validate our model in condition
of an application case and consequently experimental an-
gles are determined by using the force sensor. From (2),
angles 6, and 6, are then determined:

0, =62.3+1.5deg
0, =17.3 +9deg

(20)
(21)

Measured contact angles are slightly different from the
“glass-water” example presented in table II. However both
values have the same order of magnitude. By using these
experimental values of contact angles and equation (14),
the theoretical parameter z,, is obtained:

Zar = 582 & 120 um (22)

The measured z,, (19) and the calculated z,, (22) are in
good agreement. Experiments show the correct relevance
of force disturbance measurement and theoretical study.
Consequently the model (15), (18) is able to provide a
good prediction of the disturbances of capillary forces on
force measurements.

Disturbances have to be compared with current forces
measured in micromanipulation tasks. For example, in-
sertion force in assembly of micro-parts is estimated at
5uN in [17]. In biomicromanipulation, puncturing force
on a mouse oocyte reaches 13 uN as measured in [18].
Both forces are significantly smaller than the example of
capillary force hysteresis AF = 107 uN, thus impact of
capillary force in micromanipulation is a relevant study.

V. CONCLUSION

As the micromanipulation in liquid has interest in
biological applications and in mechatronic applications,
micro-nanoforce measurements in submerged microma-
nipulation is of significant interest. We propose some
design rules (tip regular shape, temperature regulation)
to reduce the impact of the capillary. We show that the
force measurement in submerged medium can be highly
disturbed by the contact angle hysteresis. A simplified
model of the capillary disturbances on force measurement
was presented. A method was proposed to calculate the
disturbance on the force measurement in function of the
vertical displacement of the tip, the radius of the tip,



the surface tension of the liquid, the contact angles. The
calculation of this disturbance is able to determine the
position (submerged or not) of a force sensor for specific
micromanipulation applications. Further works will focus
on the expression on this disturbance in more complex and
realistic architectures.
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