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Abstract— We propose a new 3D printed capillary gripper
equipped with a textured surface for actuation-free release.
The gripper classically picks up micro-objects exploiting 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 topography of the contact (called here conformity)
between the gripper and the object. We analyze the gripper
performance and rationalize the release mechanism by defining
the concept of contact conformity in a capillary context.

I. INTRODUCTION

Most of the common strategies to handle objects are not
suitable at sub-millimeter scale. Vacuum grippers, friction
grippers [1] are still predominant for pick-and-place and
watch craft industries. The constant miniaturization of ob-
jects makes the handling process more and more difficult,
because of the associated miniaturization 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. There are almost as
many handling mechanisms as physical principles developing
attractive or restoring forces. Some of them allow to avoid
impacts and lacks of conformity, such as smart actuated
microgel grippers [2], optical tweezers [3], grippers based on
liquid-solid transition (catch-and-block strategy), Bernoulli
airflow principle or acoustic levitation [1].

Capillary gripping is another promising handling mech-
anism that consists in taking benefits of capillary forces,
dominant over gravity at the sub-millimeter scale [4]. These
forces would have been interfering with other micromanipu-
lation strategies. In the case of grippers, capillary forces are
generated by a liquid meniscus binding the gripper and the
object to handle. Their application to micro-assembly has
been studied in [4] and [5]. 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
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curvature of the liquid meniscus. The primary idea of using
capillary forces as a gripping principle is dated back to 1998
[6] and 2002 [7]. Lambert et al. [8] have demonstrated the
feasibility of handling small watch components, namely the
sub-millimeter balls of bearings. Since then, many solutions
for capillary force control 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 release the handled objects.

Different release mechanisms have been considered in
previous studies, see Table I. Release mechanisms may be
sorted out in two main categories. The first involves applying
an additional force to the handled part in order to break the
liquid bridge. For example, meniscus shearing is studied in
[8], while [9] explores a release by means of the rotation
of the handled micro-part induced by the compression under
uneven micrometer-sized pillars. The additional force can
also be developed by inertia, e.g. in [10] where a large
vertical deceleration is applied to the gripper, or in [11] and
[12] where vibrations are used. The rupture of the meniscus
has also been achieved by generating a higher attraction force
on the substrate where the release is expected, e.g. through
the addition of glue [10].

The second category of solutions consists in releasing brit-
tle micro-objects without applying additional efforts on them.
These solutions are based on the decrease of capillary forces.
Bark [6] suggests the injection of gas in order to change the
internal pressure in the meniscus. Decreasing capillary forces
can also be achieved by monitoring the wettability: capillary
forces are decreased thank to electrowetting in [13], [14]
and [15]. An elastic gripper is stretched in order to modify
its wettability in [16]. Based on Israelachvili’s model [17],
[18] and [19] have investigated the change of curvature of
their grippers, also known as conformity (see Section IV),
in order to decrease capillary forces and therefore to release
objects. Thermal stimulation can also lead to the decrease of
capillary forces by evaporation of the meniscus. This solution
is studied in [20] 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 in-
stance place one chip every 0.15 s with 4 picking heads.
But contrary to inexpensive 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,



TABLE I
CENSUS OF RELEASE MECHANISMS FOR CAPILLARY GRIPPERS

Ref. Release mechanism Release duration
depending on

Minimal released
weight

Size and weight of tested
objects

Component possibly
damaged by

[8] Meniscus shearing Mechanical limits
of actuators * - S: D=0.5 mm

W = 3.8.10−3 mN Mechanical efforts *

[9] Rotation of handled object Mechanical limits
of actuators * - C: 1x0.5x0.5 mm3 Mechanical efforts *

[10] Glue on substrate Fluid motion * - - Chemical contamina-
tion *

[10] Inertia - Vertical
deceleration

Mechanical limits
of actuators *

Depending on applied
accelerations * - Mechanical efforts *

[11]
[12] Inertia - Vibrations Mechanical limits

of actuators *

Depending on
amplitude and
frequency *

S: D=0.04-0.2 mm
W=0.35.10−6-43.4.10−6 mN

C: 0.5x0.5x0.28 mm3

W=1.63.10−3 mN
C: 1x1x0.52 mm3

W=12.1.10−3 mN

Mechanical efforts *

[6] Injection of gas Fluid motion * - C: 4.2x4.2x0.5 mm3
W=0.2 mN None *

[13]
[14]
[15]

Electrowetting Fluid motion * 77 mN W=77.10−3-136.10−3 mN Electric current *

[16] Stretching of the gripper Fluid motion * -

S: D=0.5-2.85 mm
W=3–373 mN

Microscrews: 0.5-2.5 mm
W=28-310 mN

None *

[18]
[19] Change in conformity Fluid motion * 0.47 mN W=0.295-2.18 mN * None *

[20] Evaporation and capillary
forces on substrate Fluid motion * No limit * S: D=0.005-0.06 mm None *

S: Sphere (diameter is given), C: Cuboid (lengths are given), W: Weight of object(s), *: Estimations made by us

this paper explores an actuation-free release mechanism for
capillary grippers based on a change of the conformity
in the contact area. This change is allowed by surface
texturing and bridge volume reduction through evaporation.
This article first presents the setup and methods to study
this new release strategy. The experimental results are then
compared to models. In particular, the concept of contact
conformity is defined in the context of capillary gripping.
Finally, conclusions and perspectives are discussed in section
V.

II. MATERIAL AND METHODS

A. Description of the gripper

The gripper used for all the experiments is a cone cov-
ered with spine-like microstructures called barbules (Fig.
1b). The gripper is 3D-printed with the two-photon-initiated
polymerization-based stereolithography system Nanoscribe,
with a 200 nm resolution. The gripper material is IP-L
780 UV-curable photoresin. The main cone has a height of
700 µm and an aperture angle of 140°. The barbules are also
cones, of half aperture 12.5°, with a tilt angle respective to
the cone surface of 50°.The perpendicular distance from the
surface of the cone to the head of the tip is 30 µm and the
distance between two barbules is 50 µm. The barbule density
is 50 barbules/mm2.

B. Description of the experimental setup

The experimental setup is described in Fig. 1. The gripper
is mounted on a 3 degrees-of-freedom translation stage.

High-precision mechanical stages are used for an accurate
positioning of the gripper in the (x, y) plane. The vertical
motion of the gripper is controlled with a linear actuator
(MTS25) with a resolution of 0.5 µm.

A droplet of approximately 10 µL of purified water is
deposited on a metallic substrate. To ensure reproducibility,
the substrate is cleaned with ethanol and a new droplet
is deposited before each experiment. The gripper is first
vertically moved (z-axis) downwards the droplet to form a
liquid bridge. It is then moved upwards, which stretches and
breaks the liquid bridge. A liquid volume of 1.9±0.4 µL is
left on the gripper. Reduced volumes of liquid, ([0.7, 0.4,
0.1] µL), 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 spherical cap on top of a vertical cylinder of radius
1 mm, have been 3D-printed with a resin of density ρ =
1.17 kg.m−3 (VeroWhitePlusRGD 835). Three cap radii were
tested (R1 =625 µm, R2 =950 µm, and R3 =1250 µm) and
the mass of the objects was varied from 1 mg to 30 mg
by changing the length of the cylinder. The objects are
initially placed on a micro-structured planar surface. The
microstructures are again conical tips, which purpose is to
minimize solid-solid contact forces.

The gripper is moved downward until a capillary bridge
is formed with the object. The object then follows the
gripper: it can be lifted and moved horizontally at the same
time as the gripper (see video in supplementary material),
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Fig. 1. (a) Schematics of the experimental procedure. (b) CAD geometry of the conical gripper. Close-up on a barbule.

but the strength of this binding has not extensively been
characterized experimentally yet.

The water bridge volume is decreased, through either nat-
ural or forced evaporation. Two techniques were considered
to force evaporation. The first is based on the Joule effect: an
electrical current flows in a ceramic heater plate and produces
heat. The heat is transferred by conduction from the plate to
the gripper then to water. The second technique involves an
IR laser with a wavelength of 1455 nm. The gripper made
of IP-L 780 UV-curable photoresin is indeed transparent to
this wavelength. The IR light is efficiently absorbed by water
with an absorption coefficient of 2.6×103m−1. The absorbed
energy is turned into heat, which induces water evaporation.

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

III. GRIPPING PERFORMANCE

The ability of this gripper to pick and release millimeter-
sized objects 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 γ, (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 [21] would reveal that the density ρ 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 param-
eters, we can build two dimensionless numbers, namely the
Bond number and the length ratio:

Bo =
mg

γV 1/3
and r =

V 1/3

R
. (1)

The capability of the gripper is summarized in the diagram
(Bo, r) of Fig. 2. Three zones are identified: (i) the gripper
can pick and release the object, (ii) the gripper can pick the
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Fig. 2. Diagram of the gripper capability in terms of Bond number Bo

and length ratio r. Three radii of curvature of the object were considered,
R =625 µm (blue), R =950 µm (green), R =1250 µm (red). The symbols
correspond to the liquid volume, 1.9 µL (◦), 0.7 µL (�), 0.4 µL (?) and
0.1 µL (�). Empty symbols and white background indicate the ability of
the gripper 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 × and dark gray background indicate
that the gripper could not pick up the object.

object but not release it, and (iii) the gripper cannot pick the
object.

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. 3. For both the Joule effect and the laser heating, the
release time τ is observed to be inversely proportional to the
applied power P .

IV. MODEL OF THE RELEASE TIME

The experimental results of Fig. 3 on the evaporation
time of the bridge can be rationalized with theoretical
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Fig. 3. Release time τ as a function of the input power P of the heating
system (initial bridge volume 1.9 µL). (red) IR laser. (blue) Joule effect.
Dotted lines correspond to equations 4 and 7, which confirm the scaling
law τ ∝ 1/P . Unforced break-up time is reported as an asymptote (black
line) in the log-log representation.

arguments. In the absence of convection, natural evaporation
is only driven by the diffusion of water vapour, as initially
modelled by Langmuir [24]. 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 scalings. The diameter δ of this hemisphere is then
δ(t) = (12V (t)/π)1/3. The relative humidity ϕ in the air
surrounding the bridge is by definition the ratio of the
partial vapor pressure Pv and the vapor pressure at saturation
P 0
v . It satisfies the Laplace equation for pseudo-steady-state

molecular diffusion in spherical coordinates, namely ∇2ϕ =
0. If we assume that gradients of ϕ are only radial, the vapor
concentration profile is ϕ(r) = ϕ∞+(1−ϕ∞)δ(t)/2r, where
r is the radial coordinate and ϕ∞ the relative humidity of
the room during the experiment. The diffusive mass flux is
then calculated as J = DMwP

0
v (1−ϕ∞)δ/(2r2RT ) where

D is the diffusion coefficient of water vapor in air, Mw the
molar mass of water, R the ideal gas constant and T the
room temperature. A mass balance of water between liquid
and gas phases then yields:

ρ
dV

dt
= −2πr2J (2)

The volume of the liquid bridge then evolves from an initial
value V0 as

V (t) = V0

(
1− t

τ

)3/2

with τ =
(3V0/2π)

2/3ρRT

2DMwP 0
v (1− ϕ∞)

(3)
Complete drying occurs at time τ , which varies as V 2/3

0 . This
time has been measured experimentally τexp = 917 ± 44 s
and is reported in Fig. 3. The model evaluated with parameter
values from Table II predicts τ = 2150 s, which is larger
than in experiments 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, the evaporation is not
driven by vapor diffusion anymore. For the heating strategy
based on the Joule effect, the supplied power P yields an
increase of thermal energy ηPt after time t, where the factor
η < 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) 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:

ηPt = hρ [V0 − V (t)] , (4)

where h = 2.26 × 106J/(kg K) is the specific latent heat of
water. Therefore, the volume decreases linearly with time:

V (t) = V0

(
1− t

τ

)
where τ =

ρhV0
ηP

(5)

is the time of complete evaporation of the bridge. The yield η
in equation 5 is estimated to 1.8% by fitting on experimental
data (Fig. 3).

When the bridge is evaporated by laser-induced heating,
the amount of absorbed energy depends on the liquid thick-
ness through the Beer-Lambert law. Therefore, the yield
now depends on the thickness of the bridge, which scales
as βV 1/3 where β is an unknown geometrical coefficient.
For thin films, the absorbance is αβV 1/3 where α is the
attenuation coefficient of the electromagnetic wave sent by
the laser (here 1455 nm) in water. The energy balance then
yields (

ηαβV 1/3
)
P = −ρhdV

dt
. (6)

The temporal evolution of liquid volume is then,

V (t) = V0

(
1− t

τ

)3/2

where now τ =
3ρhV

2/3
0

2ηαβP
(7)

Again, a comparison of this theoretical prediction to exper-
imental data in Fig. 3 indicates that the factor ηβ is about
11.8%.

Both models of forced evaporation suggest that the release
time is inversely proportional to the input power P . However,
its dependence to the initial liquid volume V0 differs: it is
proportional in the case of the Joule-induced evaporation,
and less than proportional in the case of laser-induced
evaporation. We expect that the use of a larger forcing power
might keep reducing the releasing time, especially for the
laser method that is not limited by thermal conduction in the
gripper.

V. DISCUSSION

The contact conformity [22] refers to the shape of the
contact, as defined in solid mechanics. There is conformal
contact when two solids fit one another similarly to a ball in
spherical cup of identical diameter. The meniscus mediated



TABLE II
PARAMETERS AND CONSTANTS USED IN THE MODELS.

VARIABLES & COORDINATES
Pv Water vapour pressure
ϕ Relative humidity
V Bridge volume
δ Equivalent diameter
r Radial coordinate
t time

EXPERIMENTAL PARAMETERS VALUE
ϕ∞ Ambient relative humidity 0.55
V0 Initial bridge volume 0.5 to 2 10−9 m3 (µL)
T Room temperature 293.15 K
P Forcing power 0.1 to 10 W
m Initial mass of liquid 0.5 to 2 10−6 kg
η Yield of evaporation process -

CONSTANTS VALUE
P 0
v Saturated water vapor pressure 2.34 103 Pa
D Diffusion coefficient of water vapor 2.82 10−5 m2.s−1

Mw Water molar mass 18 10−3 kg.mol−1

R Ideal gas constant 8.314 J.mol−1.K−1

ρ Water density 1.0 103 kg.m−3

cp Water specific heat capacity 4.2 103 J.kg−1.K−1

h Water specific latent heat 2.26 106 J.kg−1

α Attenuation coefficient at 1455 nm 2.6 103 m−1

contact between the gripper and the object evolves during the
drying process. At the beginning, the barbules are submerged
by the liquid and do not play any other role than possibly
pinning the triple line during liquid uptake. As the liquid
volume is reduced, the conformity shifts from a cone-sphere
contact to a barbule-sphere contact. By reducing the volume
of liquid, we simply change the scale at which the surface
of the gripper is seen.

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 mechan-
ics but not only [5]. The capillary force is maximized when
two solids have a large contact area and a large curvature
where the Laplace pressure jump occurs.

To simplify the discussion, we describe the contact geom-
etry only with the radii of curvature R1 and R2 of the two
objects. We also further assume that the contact angle θ is
the same on both solids. The capillary force F reads [23],

F = 4πγλ cos θ . (8)

where the conformity λ is defined as

λ =
R1R2

R1 +R2
. (9)

One note that when the contact conformity is perfect, i.e.
when two objects fit perfectly, R1 = −R2 and 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, the conformity
λ ∼ R1 is consequently small.

This concept may help to understand how our gripper
works. The object has a radius of curvature R1. To grab it,
we use a wet cone for which the typical radius of curvature
R2 depends on the liquid volume: the more liquid is attached

to the cone, the larger is R2. During picking up, conformity
should be maximized, which suggests to use a large liquid
volume (i.e. R2 � R1). The picking conformity is driven
by the component radius λ = R1.

As the bridge dries, R2 is reduced and so is λ. In rare
cases this might be sufficient to detach the object, however
we noticed during preliminary tests that the object usually
sticks on the side of a smooth cone where curvature is
finite. On the textured gripper, barbules finally come into
contact with the object as the liquid dries up. If the radius
of barbule is smaller than the one of the object Rb � R1,
the conformity is strongly reduced, which would now be
of the order of the barbule radius λ ∼ Rb. With the
textured gripper, the conformity at picking (λ ∼ R1) is larger
than conformity at releasing (λ ∼ Rb), making detachment
possible. Consequently, the object may detach from the
gripper as soon as the conformity leads to a capillary force
smaller that the object weight.

This capillary gripper releases objects without applying
additional efforts. We can therefore imagine using this tech-
nique 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 limit the effect of power
increase. The release time would be rather long compared
to those used in industry. However, we expect the release
time to be strongly reduced, down to a fraction of second, if
the IR-laser power is increased. Here, the release time would
potentially compare with those of industrial grippers. Even
if millimeter sized objects were considered as a first step, we
expect the sizes and weights of handled objects to decrease
along with the size of the gripper. The precision of the
stereolithography printing technique, i.e. 200 µm, may indeed
allow us to consider smaller objects. We also considered
barbules for the griper surface texture as a first step. Any
other shape giving a small conformity to the contact (i.e.
having a large radius of curvature, such as spines or hairs)
may be efficient. No optimization of the gripper design has
been done. In our mind, the combination of the conformity
at the gripper scale and at the texture scale can be strongly
improved. For instance, a gripper with a radius curvature
matching the opposite object radius of curvature and the
textures having a very large radius of curvature compared
to the object size would make a very efficient gripper. The
wetability of the gripper has not been varied in this study but
is known to play an important role in the gripping of micro-
objects. We expect that hydrophobic surface treatments may
improve the release capability of the gripper. One of the most
important next steps of this work will be to complement the
phase-diagram of Fig. 2, by measuring the force developed
by the gripper as a function of the liquid volume and the
temperature.

In summary, we designed a 3D-printed capillary gripper
based on a change of conformity of the contact for pick-up
and release. The contact conformity is changed by evapora-
tion of the liquid bridge. It switches scale, from the large
cone to the small barbules. The evaporation may be forced
by Joule effect or laser absorption to reduce the release time.



Finally we use the capillary conformity as an efficient proxy
to explain the pick and release mechanism.
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