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Abstract—Efficient, reliable and flexible handling
is still very challenging in micromanipulation and
micro-assembly. In this paper, we propose an original
thermally actuated gripper based on the use of ice to
manipulate submerged artificial micro-objects sized
under 100 µm. Manipulating in liquid surroundings
can indeed be more interesting than in dry conditions.
A comparative analysis on the impact of dry and liquid
media on surface forces, contact forces and hydrody-
namic forces shortly given first shows it. Concern-
ing the use of ice for micromanipulation, cryogenic
grippers are a flexible solution. Nevertheless, as they
currently work in air, water must be provided by an
external device and capillary force occurs during the
release. Our submerged freeze microgripper takes ad-
vantages of the aqueous surroundings for the handling
process as explained. The thermal principle, based on
the Peltier effect, the characteristics of the microgrip-
per prototype and the first micromanipulation tests
are also presented. To control and optimize the heat
exchanges in the developed gripper, a static thermal
model using electrical analogy has been developed and
validated for the Peltier elements and a 3D heat sink
of the gripper. Further work will focus on the dynamic
equivalent electric model.

I. INTRODUCTION

The increasing complexity of the microsystems re-
quires different and new micromanipulation processes
and micro-assembly technologies and methods [1]. A
main approach in this domain is the robotic assembly
which seems relevant for a small production batch [2],
[3]. Current manipulation strategies do not allow suffi-
cient reliability and flexibility for micro-objects of which
typical dimension is below 100 µm. When the dimension
of the objects falls under this size, surface forces perma-
nently influences the interactions between the object and
its surroundings [4]. Their impact perturbs especially the
release of the micro-object.

Surface forces, contact forces and hydrodynamic forces
strongly depend on environmental parameters [5]. An
original way to reduce adhesion perturbations consists
in performing micromanipulation tasks being totally sub-
merged in a liquid medium.

Van der Waals forces are proportional to Hamaker
constant, which reduces in liquid medium [6]. In liquid,
double layer, solvation and steric forces have also to be
considered. These forces, modelled by the XDLVO theory
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[7], [8], are normally repulsive and consequently reduce
the effect of attractive van der Waals forces.

Electrostatic forces are also greatly reduced in water:
the dielectric constant is higher and the electric conduc-
tivity is better in water than in air.

The capillary force between a gripper and an object
often induced in air by ambient humidity totally disap-
pears in a liquid medium.

The pull-off force, which represents the necessary force
to break the contact between two objects, is proportional
to the surface energy between these two objects, and
decreases when objects are submerged [6].

Finally hydrodynamic force limits the maximal ve-
locity of the micro-object, decreasing their loss rate.
However, the maximum velocity of the microgripper end-
effectors has also to be limited to avoid disturbances.

[9], [10] gives a detailed comparative analysis of
these forces in liquid and dry surroundings. Considering
thus the reduction of surface and contact forces, and
the limitation of micro-objects loss caused by the
hydrodynamic forces, liquid medium is a promising
approach to perform micro-assembly.

Though the adhesion effects are reduced, they do
not disappear and could always perturb release phases.
Consequently, original micromanipulation strategies have
to be proposed to guarantee reliable and repeatable
micromanipulation tasks. In this paper, we propose a
new freeze microgripper to manipulate micro-objects in
a submerged medium.

Existing cryogenic grippers work in air, as presented
in [11]–[13], using adhesive properties of ice for handling.
In this case, water must be provided by an external
device and capillary force can appear during the release
because water does not evaporate completely. They have
to combine thus additive release strategies as the use
of adhesive surface to place and detach manipulated
objects. The gripped objects are typically, bigger than
200 µm. The miniaturization of these grippers is limited
by the release difficulties.

In the submerged freeze gripper proposed in this paper,
capillary force does not influence the handling procedure.
Consequently, it can be extended to smaller objects
below 100 µm. Main applications are micro-assembly of
optical, mechanical, electrical and even biological micro-
components. Cryogenic grippers do not cause damages
to object surfaces, provide high holding forces without
introducing additional stress, and their handling abilities
are almost independent of objects shape and material
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properties (low thermal conductive objects are neverthe-
less recommended).

The proposed handling strategy for submerged micro-
manipulations is presented in Fig. 1. In the first step,
the gripper approaches to the object without touching
it. In the second step, an ice microdrop is generated
covering just a small part of the object or completely.
After this, the object can be picked and positioned.
Finally, in the last step, the ice droplet is thawed and
the object is liberated without adhesion perturbations.
Inserting micro-objects into the water tank, recuperating
them, and drying them must be analysed yet.

The thermal validation has been previously modelled
with the finite elements software (FEM) COMSOL Mul-
tiphysics 3.2. Results are detailed in [14].

Fig. 1. Handling strategy: (1) the micro-gripper approaches, (2)
an ice droplet is generated and catch the object, (3) the object is
manipulated, (4) the ice thaws and the object is liberated

This paper is structured in two main sections. Section
II describes the principle of the submerged freeze gripper,
the characteristics of the experimental device, and its
first tests. Section III deals with the thermal modelling
of the device using an equivalent electrical model.

II. EXPERIMENTAL DEVICE

A first prototype of the submerged freeze gripper
has been developed. The whole system principle based
on the Peltier effect, its physical characteristics and a
manipulation test are described in this section.

A. Principle of the Submerged Freeze Gripper
The basic idea is to grip a micro-object using an ice

droplet formed and controlled in an aqueous medium,
then to manipulate the micro-object, and finally to
release it through a controlled ice thawing. To carry
out this sequence a specific microgripper was developed.
The necessary cooling and heating energy to actuate the
microgripper is obtained by two thermoelectrics Peltier
modules. Classically a Peltier module is the association
of bismuth-telluride p and n-doped semiconductors
connected electrically in series and thermally in parallel.
A Peltier module gives an electrical current-proportional
generation or absorption of heat when current flows
through it. The direction of the heat flow depends
on the direction of the current. The difference of
temperatures caused by the heat transfer imposes
two faces: a cold face, and a hot face. The hot face
is associated to a heat sink which dissipates the heat flux.

The submerged freeze system is composed of two
Peltier modules stages and a forced convection system, as
illustrated in Fig. 2. The first module, named MicroPelt
(µP ), provides the cooling energy to generate the ice
droplet on the end-effector, which is directly attached
to its cold side. The freezing process increases the tem-
perature of the MicroPelt’s hot face. The convection is
thus so important than the whole system (liquid, gripper
and Peltier micromodule) could warm up. That is why
a second Peltier module, called MiniPeltier (mP ), is
also used to actively decrease the temperature on the
MicroPelt’s heat sink. To optimize the performance of
the MiniPeltier, the temperature of its hot face must
be constant. This temperature is so maintained at the
ambient temperature by forced convection using a liquid
cooling system. The liquid cooling system can not be
used directly on the MicroPelt’s hot face because of its
small size (720 µm × 1420 µm). In addition, its maximal
cooling capacity is not enough to freezing the end-effector
from ambient temperature.

The MiniPeltier and the cooling liquid system stay in
air to dissipate heat outside water. The end-effector and
the MicroPelt are completely submerged and electrically
insulated .

Fig. 2. Submerged freeze microgripper principle

Experimentations verify that the temperature on the
MiniPeltier’s hot face (ThmP ) remains almost constant
when its electrical current (imP ) ranges from 0 A to its
maximal value 1.1 A. The difference between the ambient
temperature (Ta) and the hot face temperature is lower
than 2 oC, as appreciate in Table I. Ambient temperature
in this test was 21.3 oC.

TABLE I

Temperature at the Hot Face of the MiniPeltier

Current imP (A) 0 0.39 0.79 1.10

Temperature ThmP (oC) 21.3 21.5 22.0 22.4

B. Physical and Technical Characteristics

The first prototype of the submerged freeze gripper
(without the end-effector) is shown in Fig. 3.
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Fig. 3. Experimental freeze gripper

The dimensions of the MicroPelt (from Infineon Tech-
nologies AG) are: 720 × 720 × 428 µm3. Its heat sink is
fixed, on one side, to the MicroPelt’s hot face, and on the
other side, to the MiniPeltier’s cold face. The dimensions
of the MiniPeltier (Melcor FC0.6-18-05) are: 6.2 × 6.2 ×
2.4 mm3. Its hot face is fixed to the copper liquid heat
sink of the cooling liquid system.

A specific PCB has been fabricated to make the elec-
trical connections of the Peltier modules. Because of the
very small dimensions at stake, microbonding technology
were used for its connection to the MicroPelt.

C. First Experimentations

First experimentations using the prototype described
above in water surroundings were performed. The ob-
jectives were to validate the good working of this new
system and its reliability. For these tests, the end-effector
was not included. The active part was then the Micro-
Pelt’s cold face; manipulated objects corresponds thus
to its dimensions. However, the handling principle to
manipulate micro-objects under 100 µm is verified in [14].

Fig. 4 describes the tele-manipulation of a silicon
object whose dimensions are: 600 × 600 × 100 µm3. The
micromanipulation has been performed in 30 s. This time
can be optimize automating micromanipulations. A pre-
cooling phase is necessary to decrease the temperature
of the MicroPelt’s heat sink. During this phase, only
the current in the MiniPeltier (imP ) is applied and set
constant at 0.9 A (Fig. 4a). When the temperature is
about 0.5 oC (this temperature is sufficiently close to 0
oC but it prevents the heat sink to freeze), the MicroPelt
is approached to the micro-object and its current (iµP )
is turned on at 0.5 A. The cooling energy generates the
ice droplet (4 µl) which involves part of the object in 3 s
(Fig. 4b). The freeze gripper can thus displace it towards
a new position (Fig. 4c). To release it, the MicroPelt’s
current is inverted at -0.3 A. The ice droplet thaws in
7 s and melts with the medium, liberating the micro-
object without adhesion perturbations (Fig. 4d). In fact,
contrary to the cryogenics gripper in air, capillary forces
do not perturb the release because the object and the
MicroPelt are submerged.

Fig. 4. Micromanipulation of a 600 × 600 × 100 µm3 silicon object
with the submerged freeze gripper

The same experiment was successfully repeated
several times. The submerged freeze principle seems
a promising approach to manipulate micro-objects.
Further manipulations will be dedicated to objects sized
under 100 µm.

To maximize the cooling energy to the end-effector and
optimize the cycle time, it is necessary to control the
cold temperature of both Peltier elements, the MicroPelt
and the MiniPeltier, via their electrical currents. The
definition of the control strategy requires a model of
the thermal exchanges in the whole system. Next section
deals with the static modelling of both Peltier elements
and a heat sink by electrical analogy.

III. ELECTRICAL MODEL

Thermal modelling and control is a crucial part of the
design of the submerged freeze system. An equivalent
electrical model, so-called thermal network, represents a
relatively simple, but powerful tool for simulating the
real system [15]. It notably allows to easily connect
several thermal subsystems together. Classical electrical
models correspond in general to planar thermal systems.
Consequently, they can not be applied to our 3D device.
For all these reasons, and considering the complexity
of heat transfers on the submerged freeze gripper, we
propose to build up its proper thermal network. This
section reminds first the bases of the electrical analogy
for thermal systems; then, the Peltier module’s electrical
modelling is presented; and finally, we propose the model
of a 3D heat sink. This paper focus on the description of
the steady state models of our microgripper.

A. Bases of Electrical Analogy for 1D Thermal Problem
An equivalent electrical model usually facilitates

and simplifies the analysis of a thermal problem. Used
relationship between thermal and electrical systems are
summarized in table II.

Fig. 5 illustrates the heat transfer in a multilayer wall
and its equivalent electrical circuit. It corresponds to the
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TABLE II

Thermal and Electrical Analogy

Thermal system Equivalent electrical system
Heat flux Q Current i
Temperature difference ∆T Voltage difference ∆V
Thermal resistance Rth Resistance R

typical example for the application of this concept. In this
case, heat convection takes place between the lateral sur-
faces and the external fluids, and heat conduction takes
place in the layers. Convection thermal resistance Rconv

is a function of the convective heat transfer coefficient h
and the lateral surface S of the wall:

Rconv = 1/hS, (1)

while conduction thermal resistance Rcond is obtained
according to the thickness e of the layer, its thermal
conductivity k, and the lateral surface S:

Rcond = e/kS. (2)

Then, the steady state model of this multilayer wall
can be obtained in connecting in series the electrical
resistances, as shown in Fig. 5. This thermal network
is valid for e� L.

Fig. 5. Multilayer wall and its equivalent electric circuit

B. Thermal Network for a Peltier Module
Peltier modules are active elements of the submerged

freeze microgripper. As described above, they are con-
trolled by electrical current. The cooling capacity Qc

of a Peltier module is related to its Peltier coefficient
α, its electrical resistance R, its thermal conductivity
coefficient kP , the electrical current supplied i, and the
temperature of its cold and hot face, Tc and Th respec-
tively. The heat flow Qh of the hot face can be obtained
by symmetries. They can be written as:

Qc = −αTci + Ri2/2 + kP (Th − Tc) (3)

Qh = αThi + Ri2/2− kP (Th − Tc) (4)

The thermal network for a Peltier module is described
by [13]. The steady state thermal network based on (3)

and (4) is described in Fig. 6. Peltier effect is represented
by current source PS = αTci; Joule effect is modelled
by current sources PJ/2 = Ri2/2; and the conductivity
coefficient is analogous to the thermal resistance term,
Rth = 1/kP .

Fig. 6. Thermal network for a Peltier element [13]

In order to validate the performance of the MiniPeltier,
we compared its net cooling, i.e. Th − Tc, obtained with
the electrical model with experimental measurements.
According to Fig. 6, net cooling is written as:

Th − Tc = Rth

(
Qc + PS − PJ/2

)
. (5)

All the parameters are provided by the MiniPeltier’s
handbook. Temperatures have been measured using a
microthermocouple on each face (cold face and hot face)
of the MiniPeltier.

Fig. 7 shows electrical modelled and experimental
results and is composed of successive steady-state situa-
tions when the electrical current is ranged from 0 to 1.1
A. Despite the fact that the electrical model does not take
into account other sources of heat loss, like connections
or junctions, which impact increases with the electrical
current, the model seems statisfactory.

Fig. 7. Comparison between the electrical modelled net cooling
and the experimental net cooling

C. Thermal Network for a 3D Thermal Problem
In addition to the Peltier modules, the submerged

freeze gripper consists also on passive elements, like
the end-effector and the heat sinks. Then the global
thermal behaviour of the gripper involves a combination
of conduction and convection effects. As shown in Fig.
8, the heat flux Q takes place between the two lateral
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temperatures T1 and T2, and heat convection Qh occurs
from all other surfaces in contact with the external fluid
whose temperature is Text.

Fig. 8. Thermal schema of passive elements

This configuration is quite different from the typical
example illustrated in Fig. 5. In order to obtain the
equivalent electrical model for these passive elements, we
establish the relationship between the heat flux, and the
convection and conduction terms as:

Q1 =
T1 − Text

Rv
+

T1 − T2

Rc
, (6)

where Q1 is the heat flux on the left lateral surface,
Rc is the thermal conduction resistance, and Rv is the
thermal convection resistance.

The heat flux in the right lateral surface Q2 can be
obtained by symmetry of the heat flux Q1 in (6):

Q2 =
T2 − Text

Rv
+

T2 − T1

Rc
. (7)

Equations (6) and (7) implies the thermal network of
the Fig. 9.

Fig. 9. Equivalent electric model for passive elements

The calculation of the thermal resistances required the
determination of the heat flux Q(x). The heat balance for
the volume given in Fig. 8 gives:

Q(x) = Q(x + dx) + dQh. (8)

The conduction through the element is:

Q(x) = −kS
dT

dx
, (9)

and the convection to the environment is:

dQh = −hPdx(T (x)− Text), (10)

where P = 2a + 2b is the perimeter, and S = ab is
the section. Parameters a, b and l, defined in Fig. 8,
corresponds on height, width and length respectively.

Considering (8), (9), and (10), the temperature T (x)
of the element verifies:

L2 d2T (x)
dx2

− T (x) = −Text, (11)

where: L =
√

kS/hP . (12)

After solving (11) to obtain the temperature T (x), and
introducing the solution in (9), the heat flux expression
can be determined as:

Q(x) =− kS

L

[
(T1 − Text)

(
sinh(x/L)

+
cosh(x/L)
sinh(l/L)

(1− cosh(l/L))
)

+ (T2 − T1)
cosh(x/L)
sinh(l/L)

]
. (13)

For x = 0, the heat flux Q(x) becomes Q1, given by:

Q1 =
−kS

[
(T1 − Text) (1− cosh(l/L)) + (T2 − T1)

]
Lsinh(l/L)

.

(14)

Associating (6) and (14), the thermal resistances Rc

and Rv can be written as:

Rc =
Lsinh(l/L)

kS
, (15)

Rv =
Lsinh(l/L)

kS(cosh(l/L)− 1)
. (16)

Both expressions can be also written as:

Rc =
l

kS

(
sinh(l/L)

(l/L)

)
≈ l

kS

(
1 +

(l/L)2

6

)
, (17)

Rv =
2

Plh

(
(l/L)sinh(l/L)

2(cosh(l/L)− 1)

)
≈ 2

Plh

(
1 +

(l/L)2

6

)
.

(18)

Consequently, for small ratio l/L verifying the inequal-
ity:

δ =
(l/L)2

6
� 1, (19)

the convection and conduction resistances can be sim-
plified as:

Rc0 = l/kS, (20)
Rv0 = 2/P lh. (21)
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To validate the thermal network, the left lateral heat
Q1 and the right lateral heat Q2 for different geometries
have been calculated in water and air, using three differ-
ent models: the analytical model applying (13); a finite
element (FEM) calculation simulated with COMSOL
Multiphysics 3.2; and the thermal network in Fig. 9.
The experimental validation of the whole system will be
presented in a next work.

The comparison of the values for several cases is
presented in Table III. Let us note that the criterion δ
defined in (19) represents the relevance of the thermal
network. The first case for each medium (water and air)
corresponds to the MicroPelt’s heat sink geometry.

TABLE III

Comparison of Heat Flux Q1 and Q2

Geometry δ (19) Model Q1 Q2

(mm) (W) (W)

Comparison in air

a = 2 0.040 < 1 Analytical -0.023 1.025

b = 7 FEM -0.025 1.029

l = 22 Electrical -0.014 1.056

a = 50 0.001 < 1 Analytical 560 598

b = 300 FEM 559 600

l = 20 Electrical 561 599

Comparison in water

a = 2 0.403 < 1 Analytical -3.89 5.07

b = 7 FEM -3.90 5.09

l = 22 Electrical -4.56 6.13

a = 50 0.012 < 1 Analytical 395 770

b = 300 FEM 382 779

l = 20 Electrical 401 779

The results obtained comparing either analytical or
FEM calculation with the static thermal network allow
us to validate it.

A whole system thermal network could then estimate
properly heat processes, analyse clearly the parameters
and finally is of great help for the design and optimization
of the submerged freeze microgripper. Further works
will focus on dynamic modelling, characterization of the
parameters involved in the whole thermal network and
its experimental validation.

IV. CONCLUSIONS AND FUTURE WORKS

An innovative handling strategy to manipulate micro-
objects whose typical size is under 100 µm has been de-
veloped and successfully tested. A comparative analysis
of the interaction of dry and liquid media on surface
forces, contact forces, and hydrodynamic forces have
shown the interest of submerged artificial micro-objects
manipulations. This approach permits new micromanip-
ulation strategies adapted to the aqueous medium. A
freeze gripper for such medium is proposed: an ice droplet
is generated at the active part of the end-effector to pick

up the object; to release it, the ice is thawed without
having influence of the capillary force. During first exper-
imentations the advantages of the liquid medium were ex-
hibited: adhesion perturbations reduce considerably. The
submerged freeze gripper is thus a promising approach
to execute reliable and flexible micromanipulation and
micro-assembly tasks.

To control and optimize the heat exchanges involved
in the handling process and its cycle time, an equivalent
electrical model is proposed. The thermal network for
a Peltier module has been presented and compared to
the MiniPeltier’s experimental results. A new thermal
network for a 3D heat sink has been also developed and
compared to an analytical model and a FEM model. In
all cases, the equivalent electrical model in steady state
seems sufficiently accurate.

Dynamic thermal modelling is currently under devel-
opment. This model will allow us in the next step to
control the temperature and thickness of the ice micro-
drop.
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