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Pick and release of micro-objects: a motion-free
method to change the conformity of a capillary
contact.’

Antonio lazzolino,* Youness Tourtit,%? Adam Chafai,” Tristan Gilet,” Pierre Lambert,”
and Loic Tadrist,*

We propose a new 3D-printed capillary gripper equipped with a textured surface for motion-free
release. The gripper classically picks up micro-objects thanks to the capillary forces induced
by a liquid bridge. Micro-objects are released by decreasing the volume of this bridge through
evaporation. This latter can be either natural or speeded up by a heating source (IR laser or
Joule effect). The volume reduction changes the conformity of the contact between the gripper
and the object. We analyze the gripper performances and the capillary force generated, then we
rationalize the release mechanism by defining the concept of contact conformity in the context of

capillary forces.

1 Introduction

Many strategies to handle objects are not suitable at sub-
millimeter scale. Vacuum grippers and friction grippers'l' are still
predominant in pick-and-place industries. The constant minia-
turization of objects makes the handling process more and more
difficult, because of the associated size reduction of grippers and
the difficulty to manage the positioning and handling of micro-
objects without damaging them. These industries also have to
comply with increasingly stringent standards on the reliability of
the micro-objects they assemble.

Alternative handling mechanisms have been developed for
small, fragile and soft objects. Several different physical strate-
gies have been used to create the attractive or restoring forces
necessary to handle micro-objects. Some of them allow to avoid
impacts or to fit to the shape of the handled object, such as smart
actuated microgel grippers?, optical tweezers?, grippers based on
liquid-solid transition (catch-and-block strategy), Bernoulli air-
flow principle or acoustic levitation,

Capillary gripping is another promising handling mechanism
that consists in taking benefits from capillary forces, dominant
over gravity at the sub-millimeter scale. These capillary forces
are generated by a liquid meniscus that binds the object to the
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gripper. Their application to micro-assembly has been studied in'#
and®. Capillary forces result from a tension applied on the gas-
liquid-solid triple line interface and the Laplace pressure jump
across the interface between gas and liquid. This differential
pressure is proportional to the curvature of the liquid meniscus.
The current idea of using capillary forces as a gripping principle
has been first developped in 1998 and 20027, Lambert et al.®
have demonstrated the feasibility of handling sub-millimeter balls
of watch bearings. Wettability of the micro-object is preferably
high to enhance the gripping ability. However Lambert® showed
that with proper geometry of the gripper, even slightly hydropho-
bic components could be picked up. Higher surface tension of
the handling liquid (e.g. water) leads to larger capillary forces.
Other solvents like isopropanol, silicone oils or other organic lig-
uids exhibit lower surface tension but a better wettability. Volatile
solvents may improve gripping dynamics and also avoid residual
traces of liquid after release.

Since those first works, many solutions to the control of capil-
lary forces for gripping applications have been developed. Force
control represents a major challenge for capillary handling since
it establishes the ability to pick, to maintain and especially to re-
lease the handled objects. Both physical and geometrical parame-
ters may be tuned to control capillary forces: electro-wetting2*11
or thermal stimulation'2 modify the wettability on the substrate,
while liquid feeding™314l or active change of gripper geometry>
only modify the capillary bridge geometry.

Different release mechanisms have been considered in previous
studies, see Table [1} Release mechanisms may be sorted in two
main categories. The first involves applying an additional force
to the handled part in order to break the liquid bridge. For exam-
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Table 1 Census of release mechanisms for capillary grippers

Release duration

Minimal released

Size and weight of tested

Component possibly

b el md b depending on weight objects damaged by

. . Mechanical limits of S: D=0.5 mm . .
[8]1 Meniscus shearing actuators * - W = 3.8103 mN Mechanical loads
[16] Rotation gf handled Mechanical hm*lts of ) C: 1x0.5x0.5 mm> Mechanical loads *

object actuators
[17] Glue on substrate Fluid motion * - - tCiIl(:gnglcal contamina-
[17] Inertia - Vertlcal Mechanical hrrilts of  Depending on apghed ) Mechanical loads *
deceleration actuators accelerations
S: D=0.04-0.20 mm
Depending on W=0.3510"%-43.410"° mN
[18] . I Mechanical limits of ; C: 0.5x0.5x0.28 mm? . %
[19] Inertia - Vibrations actuators * arfr;le)hflléii aild W=1.6310-3 mN Mechanical loads
q y C: 1x1x0.52 mm?
W=12.110"3 mN

S . P C: 4.2x4.2x0.5 mm3
[6] Injection of gas Fluid motion W=0.2 mN None
[9]
[10] Electrowetting Fluid motion * 77 mN W=7710"3-13610"3 mN Electrical current *
[20]

S: D=0.5-2.85 mm
Stretching of the . L W=3-373 mN .
51 gripper L] rmeitors Microscrews: 0.5-2.5 mm Llons
W=28-310 mN
[22] Change in Fluid motion * 0.47 mN W=0.295-2.18 mN * None *
[23] conformity
Evaporation and

[12] capillary forces on Fluid motion * No limit * S: D=0.005-0.06 mm None *

substrate

S: Sphere (diameter is given), C: Cuboid (lengths are given), W: Weight of object(s), *: Own estimations.

ple, meniscus shearing is studied in®, while'l® explores a release
by means of the rotation of the handled micro-part induced by
the compression under uneven micrometer-sized pillars. The ad-
ditional force can also be developed by inertia, e.g. inlZ where a
large vertical deceleration is applied to the gripper, or in'& and1?
where vibrations are used. The rupture of the meniscus has also
been achieved by generating a higher attraction force on the sub-
strate on which the release is expected, e.g. through the addition
of gluelZ,

The second category of solutions consists in releasing brittle
micro-objects without applying additional loads on them. These
solutions are based on the decrease of capillary forces. Bark® sug-
gests the injection of gas in order to change the internal pressure
in the meniscus. Decreasing capillary forces can also be achieved
by modifying wettability: capillary forces are decreased thank
to electrowetting inl%2 and?Y, An elastic gripper is stretched
in order to modify its wettability in1>. Based on Israelachvili’s
model2L22' and23 have investigated the change of curvature of
their grippers, also known as conformity (see Section [4.1)), in or-
der to decrease capillary forces and therefore to release objects.
Heating can also lead to the decrease of capillary forces by evap-
oration of the meniscus. This solution is studied in1% where this
evaporation is coupled to the generation of capillary forces on the
substrate.

A reliable, accurate, harmless and fast release mechanism is
indeed necessary for industrial applications. An Ipulse M20 pick-
and-place machine from Yamaha would for instance place one
chip every 0.15 s with 4 picking heads. But contrary to inex-
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pensive micro-objects which are mass-produced and which can
be processed in fast assembly, the micro-manipulation of brittle
objects must give priority to the integrity of the components.

In line with the second category of release mechanisms, this pa-
per explores a motion-free release mechanism for capillary grip-
pers based on a change of the conformity in the contact area. This
change is allowed by surface texturing and bridge volume reduc-
tion through evaporation. The surface of the gripper is textured
with small cones called barbules. They avoid the persistence of
strong capillary forces when the liquid bridge volume is reduced.
Indeed the persistence of capillary forces at very low liquid vol-
ume associated with dry adhesion (Van der Waals forces) may
prevent release for non-textured grippers. The release ability of
the gripper is thus enhanced by this surface texture.

This article first presents the set-up and methods to study this
new release strategy. The experimental results are then compared
to models. In particular, the concept of contact conformity is de-
fined in the context of capillary gripping. Finally, conclusions and
perspectives are discussed in section 5]

2 Materials and methods

2.1 Gripper

The gripper used for all the experiments was a cone covered
with spine-like microstructures called barbules (Fig. ). The
gripper was 3D-printed with the two-photon-initiated polymeri-
zation-based stereolithography system Nanoscribe, with a 200 nm
resolution. The gripper material was IP-L. 780 UV-curable pho-
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Fig. 1 (a) Schematics of the experimental procedure. First, the gripper was loaded by plunging it into a volatile liquid, here water. The gripper was
then moved to create a capillary bridge between the gripper and the micro-object (here a sphere for clarity but idealized objects with a spherical cap
and a cylindrical body were also considered in the experiment). Special care was taken to pick-up the micro-object from a textured surface to avoid
any unwanted sticking on the surface. Finally, the object was released by drying the capillary bridge. The drying was either unforced or speeded up by
heating the liquid by joule effect or with an IR-laser. (b) CAD geometry of the conical gripper. Close-up on a barbule.

toresin. The main cone had a height /# of 700 um and an aperture
angle o of 140°. The barbules were also cones, of half aperture
12.5°, with a tilt angle respective to the cone surface of 50°. The
distance from the surface of the cone to the head of the tip was
30um and the distance between two barbules was 50um. The
barbule density was 50 barbules/mm?.

Barbules were designed following three principles, (i) the di-
mension of the surface texture is less than ten times smaller than
the size of the gripper/ micro-object. (ii) the barbules have a
simple shape with a large aspect ratio. (iii) The barbules size is
limited by the resolution of the 3D printer (400 nm). According
to these criteria, we could print well-shaped conical barbules with
dimensions of 30 um, roughly 100 times the resolution of the 3D
printer.

2.2 Experimental set-up

The experimental set-up is described in Fig. [Th. The gripper
was mounted on a 3 degrees-of-freedom translation stage. High-
precision mechanical stages were used for an accurate positioning
of the gripper in the (x,y) plane. The vertical motion of the grip-
per was controlled with a linear actuator (Z825B from Thorlabs)
with a resolution of 0.5 wm.

A droplet of approximately 10uL of purified water was de-
posited on a metallic substrate. To ensure reproducibility, the sub-
strate was cleaned with ethanol and a new droplet was deposited
before each experiment. The gripper was first vertically moved
(z-axis) toward the droplet to form a liquid bridge. It was then
moved upwards, which stretched and broke the liquid bridge. A
liquid volume of 1.9+0.4 uL. was left on the gripper. Reduced vol-
umes of liquid, ([0.7, 0.4, 0.1] uL), were obtained by drying the
initial liquid bridge with an IR laser (1455 nm) at 491 mW (for
[15, 20, 30] s respectively).

Idealized millimeter-sized objects, each consisting of a spher-
ical cap on top of a vertical cylinder of radius 1 mm,
were 3D-printed with a resin of density p =1.17 x 10’ kgm™3
(VeroWhitePlusRGD 835). Three cap radii were tested (R; =625
um, Ry =950um, and R3; =1250um) and the mass of the ob-
jects was varied from 1 mg to 30 mg by changing the length
of the cylinder. The objects were initially placed on a micro-
structured planar surface. The microstructures were again conical
tips, which purpose was to minimize solid-solid contact forces.

The gripper was moved downwards until a capillary bridge was
formed with the object. The object then followed the gripper: it
could be lifted and moved horizontally at the same time as the
gripper (see video in supplementary material).

The water bridge volume was decreased, through either natural
or forced evaporation. Two techniques were considered to force
evaporation. The first was based on the Joule effect: an electrical
current flowed in a ceramic heater plate and produced heat. The
heat was transferred by conduction from the plate to the gripper
then to water. The second technique involved an IR laser with
a wavelength of 1455 nm. The gripper made of IP-L. 780 UV-
curable photoresin was indeed transparent to this wavelength.
The IR light was efficiently absorbed by water with an absorption
coefficient of 2.6 x 103m™~!. The absorbed energy was turned into
heat, which induced water evaporation. The maximal power of
our IR-laser was 0.5W.

The experiment was imaged from the side with a camera
(Canon EOS 5D Mark III) and a macro lens (Canon-MP-E 65mm
/2.8 1-5x Macro). The resolution was 3.8 um/pixel.

2.3 Force measurement set-up

The quasi-static capillary force was measured by the deflection of
a calibrated steel cantilever. As depicted in Figure [2h, the exper-

Journal Name, [year], [vol.], 1 |3



(a) QS (b) Approach (C) Measurement (d)
@ @ [ |
Clamped / Fox,
Cantilever < <> { 200
\
| e~ — - — - - — 4 _
| — @
L Lg @ i ) ® 150 F ) Ok
1 ( 4 L
T B | \ ®
! CAMERA VIEW | = IS
1 J : L‘; 100 -
1 /W ©) ® 1 2
Laser - [ = =
micro- : { N HE / » &
i N B %
meter ! Lo \ ~ O
I, P N o \\ 50
I | : L =
,,,,, £
T : @ /
xp=0 Xg °> ¢ 0 3 ‘ ‘ ‘ ‘ ‘
‘\ 0 50 100 150 200 250
h | time, s
™o ™ oo - ™ o -

|

o

o

o

@ -

® ™ e

DD
d d 4

Fig. 2 Force measurement set-up and associated procedure. (a) Geometrical arrangement of the precision force measurement set-up. (b) Preparation
of the set up. (¥ A droplet was deposited on the bead. @ The gripper was moved forward in the x-direction to form the capillary bridge. As the capillary
bridge was created, the cantilever was deflected by the capillary forces. @ The gripper was again moved forward until the cantilever was set back to
its undeflected position. (c) Recording and drying of the capillary bridge (@) The experiment started by displacing the gripper backward. This motion
deflected the cantilever by a distance x,. ® to (? The capillary bridge dried and both the force F and the gap distance & were recorded until it broke-up.
(d) Example of force and gap recording. The grey region corresponds to the end of the preparation to the measurement. The measurement was made
in the blue region before the bridge broke-up between (& and (@. (e) Images of the experiment illustrating configurations (@) to @.

imental set up comprised a clamped cantilever on which a glass
sphere of 2 mm diameter was glued at a distance L =12.6 cm from
the clamping position. The width w and the thickness ¢ of the
cantilever were 1.27 cm and 100um respectively. The position of
the cantilever x, was initially zero. The deflection was measured
with a non-contact displacement sensor (Keyence LC2440) with a
resolution of about 0.2 um. The gripper was mounted on a 3-axis
motion system to easily set the gripper opposite to the sphere.
The bridge axis was placed in the horizontal plane. The size of
the bridge must also be significantly smaller than the capillary
length in order to preserve the axisymmetry of the bridge. The
whole procedure was imaged from the side with the same equip-
ment as for the gripping experiment.

The experimental procedure is drawn in Figure and c. A
water droplet was deposited on the sphere (D). The gripper was
moved towards the sphere until the liquid bridge formed ), con-
sequently the cantilever was deflected. The gripper was pushed
forward in the same direction until the zero position of the can-
tilever x, = 0 was reached (3. Here the sphere was in contact
with the gripper. The attractive capillary forces generated by the
liquid bridge were balanced by the repulsive normal contact force
exerted by the sphere on the gripper. The gripper was displaced
in the x-direction with steps of 20 um from the zero position. The
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cantilever consequently deflected until the gripper stopped touch-
ing the sphere . The recordings started during stage (3) but data
were processed from @ only, Figure .

We defined & as the gap distance between the tip of the grip-
per and the sphere. It was calculated as the difference between
the motor position and the cantilever deflection. As the liquid
bridge evaporated, its volume decreased which led to a reduced
cantilever deflection (5. The rupture occurred abruptly when the
configuration switched from @ to .

The capillary force F was directly obtained through the deflec-
tion of the cantilever x, when the gripper was not in contact with

the sphere,
3El
5 )

F =kx, where k=

was the stiffness of the cantilever, E the Young’s modulus of the
cantilever (steel) and I = wr? /12 the second moment of area of
the cross section. The spring constant has been directly mea-
sured using the classic pendant mass method. We obtained
k=0.40+£0.03Nm™!.
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Fig. 3 Diagram of the gripper capability in terms of Bond number B,
and length ratio r. Three radii of curvature of the object were considered,
R =625 um (blue), R =950 um (green), R =1250 um (red). The symbols cor-
respond to the liquid volume, 1.9uL (o), 0.7uL (o), 0.4uL (x) and 0.1uL
(8). Empty symbols and white background indicate the ability of the grip-
per to pick up the object but the impossibility to release it. Full symbols
and light gray background indicate that the gripper can both pick up and
release the object. Symbols x and dark gray background indicate that
the gripper could not pick up the object. Solid, dotted, dashed and dot-
dashed lines represents variations of volume, every other parameter be-
ing kept constant, with ¢ =72mN, g =9.81 ms~2, m =10mg and R =2mm
(respectively R =1 mm).

3 Results

3.1 Gripping performance

The ability of this gripper to pick and release millimeter-sized ob-
jects is first characterized. Relevant dimensional parameters are
(i) the volume of water V used to pick up the object , (ii) the
surface tension of water o, (iii) the mass m of the object, (iv) the
radius of curvature R of the spherical cap on top of the object, and
(v) gravity g. An educated guess“* would reveal that the density
p of the liquid is not relevant, since the Laplace pressure induced
by surface tension is much higher than the hydrostatic pressure
inside this sub-millimeter liquid bridge. From these relevant pa-
rameters, we can build two dimensionless numbers, namely the
Bond number and the length ratio:

y1/3

BO:% and r:T. 2
The capability of the gripper as a function of (B,,r) is summa-
rized in the diagram of Figure 3| Three zones are identified: (i)
the gripper can pick and release the object, (ii) the gripper can
pick the object but not release it, and (iii) the gripper cannot pick
the object. Variations of liquid volume for a given object (fixed
mass m and curvature radius R) are represented as black lines
in Figure The object is initially bound to the gripper with a
large volume (top left). If the starting point is in the white region
the solid line describing variations of volume only will remain
in this region meaning that the object will be picked-up but not

released. At the opposite, if the picking starts in the dark grey
region, the dot-dashed line describing the volume variation re-
mains in this region meaning that it is impossible to pick-up the
object. The dashed line starts in the light grey region meaning
that it is possible to pick-up and release the object. As the volume
is decreased (towards the bottom right), the line enters the dark
grey region and the object is released. The dotted line transits
between white and light grey regions meaning that depending
on the starting volume it is possible or impossible to release the
object. This inconsistent behaviour is likely due to contact angle
hysteresis and triple line pinning that were not considered in this
two-dimensional diagram.

The release performance of the evaporative gripper has also
been quantified. The relation between the release time and the
power used to warm up the liquid is represented in Fig. For
both the Joule effect and the laser heating, the release time 7 is
observed to be inversely proportional to the applied power P.
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Fig. 4 Release time 7 as a function of the input power P of the heating
system (initial bridge volume 1.9uL). (red) IR laser. (blue) Joule effect.
Dotted lines correspond to equations [f]and[9} which confirm the scaling
law 7 o< 1/P. Unforced break-up time is reported as an asymptote (black
line) in the log-log representation.

3.2 Gripping force

The gripping force F has been measured for the smooth cone and
the textured cone as a function of temperature T, volume V, gap
distance £. The raw measurement of F as a function of V for the
smooth cone is displayed in Figure [5p. The force increases with
the volume of the liquid bridge.

The effect of temperature, volume and surface texture are re-
ported in Figure[6] We note that for a given volume and temper-
ature the surface texture (in blue for the smooth cone and green
for the textured cone in Figure [6) increases the adhesion force
generated by the gripper. We analysed these experimental data
with ANOVA tests to tell if the effect of volume, temperature and
surface texture variations on the force generated by the gripper
are statistically relevant or not. Statistical tests were performed
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Fig. 5 Force generated by the smooth gripper as a function of the bridge
volume. Colours indicate temperature (blue: T =23 °C; green: T =32°C;
yellow: T =42°C; orange: T =47 °C; red: T =66 °C).

with quadratic models in volume and temperature,
F:ao+a1V+a2T+a11V2+a12VT+a22T2, 3)

for both results obtained with smooth and textured grippers. Re-
sults are gathered in table[2] As expected the volume has a strong
effect on the generated force for both grippers confirming the re-
sults in Figure [Sh. However the surface texture has a non-trivial
effect on the dependence of the force on the heating temperature.
Temperature has no statistically relevant influence on the force in
the case of the smooth cone (p-value >0.1) but it has one for the
textured cone. In this case the force is maximal between 30 and
40°C.

4 Models

4.1 Model of the release time
The experimental results of Fig. |4/ on the evaporation time of the
bridge can be rationalized with theoretical arguments. In the ab-
sence of convection, natural evaporation is only driven by the
diffusion of water vapour, as initially modelled by Langmuir2>.
As a crude approximation, the liquid bridge is here replaced by a
hemispherical droplet of the same volume. If the fine geometry of
the bridge is taken into account it will only change the prefactor
but not the scaling as long as the diffusion occurs across sections
which area increases as the square of the distance to the droplet.
The diameter § of this hemisphere is then 8(r) = (12V () /x)'/3.
The relative humidity ¢ in the air surrounding the bridge is
by definition the ratio of the partial vapour pressure P, and
the vapour pressure at saturation P0. It satisfies the Laplace
equation for pseudo-steady-state molecular diffusion in spher-
ical coordinates, namely VZ¢ = 0. If we assume that gradi-
ents of ¢ are only radial, the vapour concentration profile is
O(r) = oo+ (1 — o) 6(¢) /2r, where r is the radial coordinate and
¢ the relative humidity of the room during the experiment. The
diffusive mass flux J is then calculated as J = DM,,P'V¢/(RT)
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Fig. 6 Effect of temperature and surface texture on the gripping force.
Coloured symbols and full line: barbule texture; Black symbols and
dashed line: smooth cone; Blue (resp. green) corresponds to a volume of
0.4uL (resp. 0.8 uL). Lines are guide for the eyes where only temperature
varies. Error bars correspond to one standard deviation.

which leads to J = DM,,PO(1 — ¢..)8/(2r*RT) where D is the dif-
fusion coefficient of water vapour in air, M,, the molar mass of
water, R the ideal gas constant and T the room temperature. Con-
stants are gathered in table 3] A mass balance of water between
liquid and gas phases then yields:
p % =272 (€)]

The volume of the liquid bridge evolves from an initial value Vj
as

V(t):V()(lfi)S/z witht = CV0/202pRT

T 2DM,P)(1 ~ @-o)

Complete drying occurs at time 7, which varies as VO2 /3. This time
has been measured experimentally 7ex, = 917 £44 s and is re-
ported in Fig. The model evaluated with parameter values
from Table [3| predicts T = 2150 s, which is larger than in experi-
ments but still of the same order of magnitude. The discrepancy
can be attributed to the replacement of the bridge geometry by
a hemisphere, the assumption of a purely diffusive evaporation,
and the fact that some liquid may remain at break-up.

When heat is brought to the bridge by laser or Joule effect, the
evaporation is not driven by vapour diffusion anymore. For the
heating strategy based on the Joule effect, the supplied power
P yields an increase of thermal energy nPr after time ¢, where
the factor n < 1 is the fraction of produced heat that reaches the
bridge. This thermal energy is used to first warm up the liquid to
100°C (heat capacity c,) and then to evaporate it (latent heat /).
As the former requires about 7 times less energy than the latter; it
can be neglected in first approximation. The energy balance then
yields:

nPt=hp[Vo—V(t)], 6)

where h = 2.26 x 10%J/(kg K) is the specific latent heat of water.



Table 2 ANOVA analysis dependence on volume V and temperature T Table 3 Parameters and constants used in the models.
with a quadratic model, Eq @). (a) Smooth gripper, (b) Textured gripper.

Significative p-values (p< 0.05) are marked in bold face. SS: Sum of VARIABLES & COORDINATES

Squares, DoF: Degrees of Freedom, MS: Mean Square, F: F-test, Bridge volume h. Bridge height
nz coordinates £ Gap
t time F Capillary force
@ S5 Dof . MS 3 pvalue Ry Sphere radius R. Cone contact radius
(x10~2) (x10~2) o Cone opening angle A Contact conformity
Model, Eq 1.02 5 0.20 6.89 <0.001 6,6, Contact angles 9] Equivalent diameter
"/ (a 0: 59 1 0: 59 1'7.39 < 0:001 P, Water vapour pressure [0} Relative humidity
T <0.01 1 <0.01 0.007 0.931
VT (a(?ég <0.01 1 <0.01 0.091 0.763 EXPERIMENTAL PARAMETERS VALUE
V2 (a;)) 0.02 1 0.02 0.681 0413 0o Ambient relative humidity 0.55
T2 (ay) 0'07 1 0'07 2'30 0.136 Vo Initial bridge volume 0.5t02107° m? (uL)
Residual 1'37 Y3 0' 03 - - T Room temperature 293.15K
Lack of Fit  0.03 6 <001 0147 0989 P Forcing power 0.1to 10 W
Pure Error 1'34 40 0 023 ’ ’ m Initial mass of liquid 0.5t0 2107 ¢ kg
- - n Yield of evaporation process -
(b) Ss DoF ~ MS F p-value CONSTANTS VALUE
(x107%) (x107%) o Water surface tension 72 mN
Model, Eq 7.27 S 1.45 13.7 < 0.001 P? Saturated water vapor pressure 2.3410% Pa
vV (a 873 i 872 Zgg gg(l)g D Diffusion coefficient of water vapor ~ 2.82 107> m?.s~!
VTT( (ag 0'24 1 0'24 2'23 0133 M, Water molar mass 181073 kg.mol~!
, : : : : R Ideal gas constant 8.314 J.mol~! K~!
V2 (an) 005 1 0.05 0.446  0.505 ) Water density L010° kg.m-?
P{ ngz)} 41‘53325 126 gﬁ 41.3 =0.001 cp Water specific heat capacity 4.210% Jkg ' K!
Lacis(l)f].lfilt 0.98 6 0.05 0426  0.8604 h Water specific latent heat 2.2610° Jkg™!
pure Error  13.07 120 011 ) ) K Attenuation coefficient at 1455 nm  2.610% m™!
ing time, especially for the laser method that is not limited by
Therefore, the volume decreases linearly with time: thermal conduction in the gripper. For instance, we obtained a
‘ phVy release time of ~ 10s with 0.5 W with the IR laser, we thus expect
V() =V (1 - E) where 7 = e ™ that using a more powerful laser of 50 W we would achieve the re-

is the time of complete evaporation of the bridge. The yield n
in equation is estimated to 1.8% by fitting experimental data
(Fig.[4).

When the bridge is evaporated by laser-induced heating, the
amount of absorbed energy depends on the liquid thickness
through the Beer-Lambert law. Therefore, the yield now depends
on the thickness of the bridge, which scales as BV!/3 where  is an
unknown geometrical coefficient. For thin films, the absorbance
is afV!/3 where « is the attenuation coefficient of the electro-
magnetic wave sent by the laser (here 1455 nm) in water. The
energy balance then yields

<n1<BV1/3)P: —ph(jj—‘l/. 8)

The temporal evolution of liquid volume is then,

3phVy">

2nkBP

£\3/2
V(t):V()(l—;) where now 7=

9
Again, a comparison of this theoretical prediction to experimental
data in Fig. [4]indicates that the factor nf is about 11.8% (6 times
more efficient than Joule effect).

Both models of forced evaporation suggest that the release time
is inversely proportional to the input power P. However, its de-
pendence to the initial liquid volume V) differs: it is proportional
in the case of the Joule-induced evaporation, and less than pro-
portional in the case of laser-induced evaporation. We expect that
the use of a larger forcing power might keep reducing the releas-

lease in ~ 0.1s which would be close to industrial standards. The
miniaturization of the components would also go with a reduc-
tion of the initial liquid bridge, and therefore with a substantial
decrease of the evaporation time.

We showed that heating the bridge enhances the evaporation
process and decreases the time needed to release the micro-
object. However heating the bridge does not change the gripping
ability, especially to release micro-objects. The ability to pick and
release an object mainly depends on the geometry of the gripper.

4.2 Gripping force

The capillary force results from both the Laplace pressure and the
tension at the contact line. In the absence of other effects, it is
given by

1
F =270 eck — B0 2oy (ff + ) (10)
Tneck

where ryeck is the neck radius, see Figure Pk, and¥ is the curva-
ture at the neck along the z direction. Experimentally, —€ryeck ~
0.6 — 1.2. In those condition the capillary force simply reads,

F:KGrneCk. (11)

where K =1 —€rpeck = 1.6 —2.2. The experimental data are fitted
by the above relation with K = 1.5, see Figure 8, which is close
to the range [1.6,2.2].

We now relate ryec to the controllable parameters of the ex-
periment, namely the volume V and the gap &. The exact relation
between these parameters may be deduced by solving numeri-
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Fig. 7 Notations used to compute the equivalent radius of a volume of
liquid between a cone and a sphere. hy = Ry(1 — /1 — (r/Ry)?)

cally the Young Laplace differential equation in an axisymmetric
frame. We here look for an empirical approximation to this rela-
tion. Conveniently, we define the equivalent radius r of a straight
cylinder of same volume placed between the cone and the sphere
with a gap & with the notations defined in Figure[7l The equiva-
lent radius is given by

3

% =2 (g +R; (1 —4/1— (r/Rs)z) +rcot(x) - %cotoc

—Rﬁ(l— 1—(r/RX)2)2+1§(1— 1—(r/RX)2)3.
(12)

The experimental data of the equivalent radius r, computed
from Equation (12), are plotted in Figure[8p as a function of the
neck radius. The experimental points collapse on a master line
which can be approximated by an affine law as

r Tneck

R~ 0.15+ R, 13)
This empirical relation depends in a non trivial manner on the
contact angles and on the pinning of the contact line. Indeed,
we expect that small contact angles create a more curved bridge
with a smaller neck radius rpex than large contact angles would
create. With the equations and (13), we deduce the relation
between the force and the equivalent radius of the bridge,

F =Kno (r—0.15R;) 14

5 Discussion

The contact conformity2® refers to the shape of the contact, as de-
fined in solid mechanics. There is conformal contact when two
solids fit one another similarly to a ball in spherical cup of iden-
tical diameter. For a capillary gripper, a contact is said conformal
when it maximizes the capillary force, which is somehow related
to the geometrical conformity borrowed from contact mechanics
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Fig. 8 a. Normalized force of the gripper F/oR, as a function of the neck
radius reck- The solid line corresponds to the fit of the experimental data
with F=Kmor, and K = 1.5. b. Normalized equivalent cylinder radius
r/R, computed from Equation (T2). The black line correspond to the fit
with Equation (I3). The grey scale indicates the gap value &/R;.

but not only?. The capillary force is maximized when two solids
have a large contact area and a large curvature where the Laplace
pressure jump occurs. One knows by intuition that the capillary
force between a sharp cone and a sphere (small conformity) is
lower than the one between a widely open cone and a sphere
(large conformity). This may however be shown directly using
the capillary force model derived hereinabove. If we take into
account the full force, Equation (TI)), along with the equivalent
radius, Equation (I3)), and its definition related to gap and vol-
ume, Equation (I2]), we observe that the force increases as the
cone widens up then get reversed (i.e. « >90°). An example
of the force as a function of the cone aperture angle « is plot-
ted in Figure 0] using the following set of parameters: V =0.5uL,
o =72mN, & =0.3 mm and R; =1 mm.

To generalize the discussion to any capillary contact, we con-
sider two solids of radii of curvature R; and R, respectively at the
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Fig. 9 Force of the gripper as a function of the aperture angle a. a >90°
corresponds to reversed cone. This figure was plotted from Equations
and using V =0.5uL, 6 =72mN, & =0.3 mm and R, =1 mm.

contact location. We also assume that the liquid makes a contact
angle 6; on the first solid and a contact angle 6, on the second
one. The capillary force F between two rounded solids reads2Z,

RiR
Fzzxo‘ 172 (cos @) +cos 6,) (15)

Ri+Ry

At this step, we define the contact conformity as

2= RiR
~ min(|R1[,|R2[)(R; +R2)

(16)

When the contact conformity is perfect, i.e. when two objects fit
perfectly Ry = —R;, the conformity is infinite. Such configuration
would maximize the attractive capillary forces. Conversely, if the
first object has a much smaller radius of curvature than the second
one, |R| < |R;| for instance, the conformity is A ~ 1 which leads
to a capillary force proportional to the small radius of curvature
R).

The concept of contact conformity may now be used to under-
stand how our gripper works. The object has a radius of cur-
vature R;. To grab it, we use a wet cone for which the typical
radius of curvature r* depends on the liquid volume: during the
pick-up phase, the conformity should be maximized, which sug-
gests to use a large liquid volume (i.e. r* > R;). The picking
conformity is then only driven by the object radius A ~ R;. When
the bridge dries, r+ decreases and so does A. In some cases this
might be sufficient to detach the object. However we noticed dur-
ing preliminary tests that the object usually sticks on the side of
a smooth cone, where the corresponding curvature is finite. On
the textured gripper, barbules finally come into contact with the
object as the liquid dries up. If the barbule radius R, (radius of
the cone at the contact position) is smaller than the one of the
object R, < Ry, the conformity is strongly reduced, which leads
to a force of the order of the barbule radius R,. With the textured
gripper, the conformity at picking (A ~ R;) is much larger than

conformity at releasing (4 ~ R;), making detachment possible.
Consequently, the object may detach from the gripper as soon as
the decrease of conformity leads to a capillary force smaller that
the object weight.

This capillary gripper releases objects without applying addi-
tional loads. We can therefore imagine using this technique on
brittle objects in a pick-and-place context. In the case of the Joule
effect stimulation, the thermal diffusion that occurs through the
gripper would fix a lower limit to the release time even if the
power is increased. The release time would be rather long com-
pared to industry standards. However, we expect the release time
to be strongly reduced, down to a fraction of second, if the IR-
laser power is increased.

Even if millimeter-sized objects were considered as a first step,
the precision of the stereolithography printing technique, i.e.
200 nm, allows to consider smaller objects. The barbules that we
added to the gripper were also a first attempt and their shape can
certainly be optimized. Any other shape giving a small confor-
mity to the contact (i.e. having a large radius of curvature, such
as spines or hairs) may be efficient. Some spine-like textured sur-
faces, inspired from cicada wings, have already been shown to be
anti-mist and anti-biofouling“® and might be of inspiration for the
design of future grippers. Further optimization of the conformity
at both the gripper and the texture scale would be interesting. For
instance, a gripper with a radius curvature matching that of the
picked object and textures with a very small radius of curvature
compared to the object size might make a very efficient gripper.

An example of a conformal gripper producing a large initial
capillary force is displayed in Figure [IOp. This gripper fits the
picked object when the liquid volume is large but as the liquid
dries, the volume is reduced up to obtain several non confor-
mal contacts, Figure and c. At this step the capillary force is
strongly reduced and the picked object should be released. How-
ever, in some cases, the object may remain attached to the gripper
even after drying. This unwanted sticking would be due to some
small capillary bridges of the order of the Kelvin radius (about
5nm at 20 °C with 90% relative humidity) that would remain be-
tween the gripper and the object, Figure [I0Jd. Those bridges have
already been shown to create significant capillary forces’2?. More-
over they arise at a scale where Van-der-Waals forces also play a
role in the adhesion between the object and the gripper.

The wettability of the gripper has not been varied in this study
but is known to play an important role in the gripping of micro-
objects. The IR-heating has also not been completely studied.
It has recently been shown that the hot-spot location has an ef-
fect on the evaporation rate®? which may be optimised to reduce
the release time. The size of the smallest object that our grip-
per could seize and release may be estimated with the vertical
asymptote of Figure 3, with a bond number of By ~ 0.5. If we
consider a metallic object of density p =7000kgm3bound with
a volume V =0.1 uL of water 6 =72mNm™!, the minimal dimen-
sion is L ~620um. Now, if the gripper and barbules shape are
optimized and that inertial loads are used, one would expect to
release much smaller objects.

In summary, we designed a 3D-printed capillary gripper based
on a change of conformity of the contact for pick-up and release.
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Fig. 10 Change of contact conformity during the drying process. (a) and (b) As the bridge dries, the contact is changed from one conformal macro-
contact to several non-conformal micro-contacts. (c) close-up of a no conformal contact. The object is released when its weight is larger than the sum
of the capillary forces of each bridge. (d) The release of the object may be limited by condensation of liquid at the scale of the kelvin radius (~5 nm).

The contact conformity is changed by evaporation of the liquid
bridge. It switches scale, from the large cone to the small bar-
bules. The evaporation may be forced by Joule effect or laser
absorption to reduce the release time. The capillary force gener-
ated by the gripper depends directly on the contact conformity,
i.e. the fitting between the gripper and the object. We use the
capillary conformity as an efficient proxy to explain the pick and
release mechanism. We hope that future capillary grippers will be
designed using the contact conformity concept.
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