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Abstract The study of cells mechanical properties is of
great interest both in medicine and biology to recognize and
prevent some diseases causing alterations in cellular behav-
iour and resistance. Biological micro electro-mechanical
systems allow the application of extremely small and precise
forces increasing, as a consequence, the number of results
possible per experiment and the number of experiments that
can be performed simultaneously. The presented work deals
with the analysis of an electro-thermally actuated microgrip-
per for single-cell manipulation. Specifications and targets
impose several limitations and difficulties in micro manipula-
tors design and these obstacles are even more important when
the target of microgripping are biological particles (e.g. living
cells). The main parameters that have to be taken into account
while designing a cell micromanipulator are, aside from its
actuation principle, its kinematics, its fingertips shape, its
releasing strategy and its material biocompatibility. More spe-
cifically in thermal actuation also thermal stability, insulation
and high temperature in the device have to be considered to
ensure the cell’s integrity during its micromanipulation.

1 Introduction
Cells are subjected to continuous stimulation inside the

human body (e.g. bone cells are subjected to compres-
sion, endothelium cells to both stretching and shear stress,
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muscle cells to stretching, cardiac cells to both stretching
and compression).

There is only little information about cellular mechanics
and response to mechanical stimuli with respect to what is
known about cellular structure.

Some diseases, such as many cardiovascular diseases,
intracranial injury and hypertension, cause changes in cel-
lular behaviour so the cellular resistance is modified in case
of solicitations. In order to recognize and prevent some
diseases, the quantification of the mechanical properties of
cells becomes fundamental.

The problem of cell mechanics can be approached in
two different ways: the study of cell populations and of sin-
gle cells.

The dynamics of cell populations can be investigated
using bioreactors. One criticism of cell population studies
is that, despite the ability of such studies to provide infor-
mation about the average mechanical properties of cells, the
heterogeneity among cell responses is largely ignored so the
response of a single cell to mechanical signals cannot be
easily decoupled from the response of the entire population.

As concerns the single cell approach, the existing tech-
niques can be subdivided into two separate branches: local
probes [e.g. atomic force microscopy (AFM) and magnetic
twisting cytometry (MTC) techniques], used to stimulate a
portion of the cellular membrane, and mechanical stimula-
tion of the entire cell performed mainly using optical twee-
zers or laser trap, micropipette aspiration, micro-plates or
MEMS whose great flexibility, in terms of possible solicita-
tion modes and of dimensions compatible with the charac-
teristics of the single cell, make them the best solution for
cell manipulation. Other MEMS important advantages are
the possibility of applying forces in a wide range (pN—uN),
of carrying out studies on the single cell both adherent
to the substrate and in suspension in a liquid medium, of
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stimulating the entire cell and not only a local portion of its
membrane, of moving individual groups of living cells or
individual cell spheres within or out of a culture.

Cells are the smallest form of life (diameter in the range
of 10-50 wm) and the functional and structural units of all
living things. Human body contains trillions of cells, organ-
ized into more than 200 major types (e.g. skin cells, osteo-
cytes, hepatocytes, neurons, glial cells, haemocytes) and
different for shape, dimensions and function. Cells belong-
ing to the same type work together in groups called tissues.

Cells carry out thousands of jobs essential for life and
some of them also make the products our body needs, such
as sweat, saliva, enzymes, hormones and antibodies.

2 Cell micromanipulation

During the last 20 years, the increased demand of micro-
technical applications has led to the development of new
assembling technologies which enable handling of very
small microoptical, microelectronical or micromechanical
elements in nano or micrometer range. Specifications and
targets impose several limitations and difficulties in micro
manipulators design especially when the target of micro-
gripping are biological particles (e.g. living cells).

The actuation mechanism of cell microgrippers has to be
suitable for operating in electrolytic aqueous media because
of the ionic environment cells are immersed in; this fact
limits the application of high voltage in piezo actuated grip-
pers since bubble formation, caused by electrolysis, occurs
at 1.5-2 V in water. Moreover, any exposure to magnetic
or electrical fields may have some negative effects on bio-
logical cells limiting the application of electrostatic or elec-
tromagnetic actuated microgrippers. Shape memory alloy
(SMA) actuators are not good microgrippers because of the
lack of reliability for a high number of cycles. Electro-ther-
mal actuators are widely studied for cell manipulation even
though they show many difficulties when are used as the
maximum allowed temperature for manipulation of human
cells in many applications is around 37 °C.

Also gripper’s materials biocompatibility places some
restrictions in the choice of the actuation method and of
the fabrication process. A survey of the cells microgrip-
pers state of art reveals that, whatever the actuation method
is, there are many points that, from a system engineering
point of view, must be taken into account in the preliminary
design of a cell microgripper, such as:

— Actuation principle
— Kinematics

— Fingertips shape
— Force feedback

— Releasing strategy.
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2.1 Actuation principle

Talking about the actuation of a microgripper, two differ-
ent strategies (internal and external) are possible. In case
of internal actuation, it is possible to design a specific part
of the gripper with piezoelectric (PZT) material in order
to generate a localized force when an electric voltage is
provided (Mohd et al. 2009; Nah and Zhong 2007). The
electrostatic force (Beyeler et al. 2007; Chen et al. 2010;
Volland et al. 2002) can be used as an actuation by apply-
ing a voltage difference on a capacitor with movable arma-
ture. The thermal actuation, widely used for both biological
and non-biological manipulation, is based on the thermal
expansion of the gripper arms due to the Joule effect in
presence of electric currents (Andersen et al. 2008; Ivanova
et al. 2006; Nguyen et al. 2004; Volland et al. 2007). A
faster response of the arms can be achieved with shape
memory alloys (Huang 2002; Kohl et al. 2002; Kohl and
Skrobanek 1998) that are able to restore almost immedi-
ately the memorized shape when a threshold temperature
is passed. The electromagnetic actuation (Giouroudi et al.
2008) is based on micro-coils and is able to generate weak
confined magnetic fields. Hydraulic and pneumatic actua-
tion can be used to manipulate bio-cells with micro-pipes
integrated in small circuits including micro-pumps and
valves.

Each internal actuation strategy has its own limits.
PZT actuators have strong nonlinear output, high supply
voltage, small motion range, low resistance to creep and
mechanical fatigue phenomena, hysteresis and biocompat-
ibility problems. The electrostatic actuators are generally
disadvantaged by the small dimensions of the capacitors;
very complicated shapes of the gripper having many comb
drives are necessary to increase the force, but, as a conse-
quence, the motion range is strongly reduced by the small
gaps between the armatures and the applied voltage eas-
ily causes electrolysis of watered environments. Thermal
actuators may induce high temperature in the region close
to the cells so long grippers dissipating the heat produced
by the actuators need to be used. SMA materials present
low fatigue resistance that causes very limited cycle time,
small strain capability, strong nonlinearity, hysteresis and
a fabrication process that is usually very complicated at
the microscale. The limitations of electromagnetic actua-
tors are related to the small dimensions of electromagnetic
micro-actuators that imply fast heating of the coil due to
the Joule effect and low allowable currents; the resulting
magnetic field is generally weak and subjected to relevant
leakages, giving small power per unit volume. Hydraulic
and pneumatic actuators are limited to pipe based devices;
they are not suitable for precision operations involving
more than one cell and the hydraulic solution only works in
wet environments.
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External actuators preserve the thermal insulation of the
gripper and avoid contaminations or biocompatibility prob-
lems. Piezoelectric motors are the most promising solution
for this application, due to their small size and high accu-
racy as they have very high response and wide speed range
(from few micrometers/second to few millimeters/second);
thermal heating is negligible in this kind of actuator, but
there are problems related to the interface between the
motor and the microgripper (Mousavi et al. 2011), where
interferences and frictions must be considered. A particular
kind of external actuation strategy is the manual one; in this
case (Chan et al. 2012) the manual rotation of a micrometer
head is used to open the tips of the tweezer structure, while
the closing of the device is due to elastic deformation.

2.2 Kinematics

The kinematic solutions adopted and found in the literature
are strongly related to the field of application of the grip-
per and to the actuation strategy used. Compliant structures
belong to a particular class of grippers where the material
elasticity is used to transfer the force from the actuator to
the cell by amplifying its effect exploiting the geometrical
characteristics of the device; this solution is very interest-
ing because of its simplicity and the possibility to increase
the gripping surface limiting the local pressure acting on
the cell membrane.

Rotational and translational movement of the micro-
gripper’s clamps are the two possible kinematic strategies.
During the rotational gripping process, reaction forces act
at the contact points between the gripping arms and the
gripped object. In the case of microparts with curved or
especially with circular surface, such as cells, the reaction
forces act perpendicular to the object surface: the x-compo-
nent of the reaction force holds the gripped object between
the gripping arms, but the y-component of the reaction
force acts parallel to the longitudinal axes of the microgrip-
per and pushes the gripped object out of the gripping arms;
this negative effect can be avoided if the gripping process is
realised without y-component of the reaction force (clamps
translation): this can be achieved by using a gripping mech-
anism with parallel movement of both gripping arms to
guarantee a reliable gripping process (Keoschkerjan and
Wurmus 2002).

2.3 Fingertips shape

The fingertips shape must be carefully designed accord-
ing to the conformation of the grip site. The less elaborated
kinematics of arms lead to gripping by only two points; in
this case very high pressures may interest the gripping site
so this solution is not indicated for the manipulation of bio-
cells not to compromise their integrity. Cell microgrippers

prefer rigid translating fingers instead of rotating fingers;
the most diffused fingertips shapes can be divided in flat,
angular carved and cylindrical carved fingertips.

2.4 Force feedback

The force feedback measurement is often crucial for bio-
manipulation, due to the small mechanical resistance of
the cells. The most suitable strategy is the displacement
control through optical detection which is contactless and
very accurate also for the microgripper dealt with in this
paper; other methods can be found in the literature, such
as integrated piezoresistive transducers or micro capaci-
tive sensors. These last two approaches are usually limited
by the low biocompatibility of materials and by the pos-
sibility to induce electrolysis of water with related bubbles
formation.

2.5 Releasing strategy

Cell releasing in microgripping is generally problematic
because of the small effect of gravity force compared to the
adhesion and the capillary ones.

The most common releasing strategies can be divided in
passive and active strategies; the first ones exploit the fea-
tures of the gripper surface (e.g. shape, material, coatings,
etc.), while the last ones make use of external actions (e.g.
forces, pressures, vibrations, etc.).

3 Electro-thermal actuation strategy

The dimensional scaling (Thielicke and Obermeier 2000;
Ouyang et al. 2008) has consequences both for the mechan-
ical design and for the actuation of microactuators; the
choice of the actuation principle depends on the structural
dimensions, the technology, the functioning and the pur-
pose of the micro device.

External forces can be generated using different effects
such as the thermopneumatic, the electrochemical, the
electrostatic and the magnetic ones; internal forces exploit
the intrinsic actuation capability of some special materials
including piezoelectric, thermomechanical, shape memory
and electrostatic effects.

The presented work deals with the electro-thermal actu-
ation of a polymeric microgripper used to catch a single
cell having a diameter in the 20 - 40 pwm range creating
an insulating micro chamber around it to provide cell rheo-
logical analyses.

The polymer used as the base material of the microde-
vice is SU-8 having good mechanical and chemical proper-
ties (see Table 1), biocompatibility, ease of fabrication and
low cost.
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In Fig. 1 it is possible to see a computer aided drafting
(CAD) drawing of the microgripper under examination
(Iamoni and Soma 2013) with its main dimensions; Fig. 2
shows a thin gold layer deposited and patterned on the top
of SU-8 for thermal actuation. A very thin Chromium layer
is deposited between gold and SU-8 to facilitate gold adhe-
sion on the polymeric substrate. Red parts are the electrical
contact pads for power supply voltage.

Tables 2 summarises the gold material properties used
to perform both the finite element method (FEM) simula-
tions and the mathematical-physical analysis of the prob-
lem dealt with.

3.1 Mathematical-physical analysis

A current-carrying wire heats up because of Joule effect
and its temperature changes from the initial reference value

to the regime one. The gold layer deposited on the poly-
meric substrate was studied as a set of electrical resistances
whose layout is shown in Figs. 3 and 4.

The geometrical parameters related to the gold layer
arms and to the SU-8 substrate are reported in Table 3:

As it can be seen in Fig. 5, the central hot arm is in
series (XZ) with the parallel of the series (ZY) of the other
two lateral hot arms. The electrical resistances have a sym-
metrical configuration and the equivalent resistance (R,)
can be calculated as it follows:

Re = Re xz + Re 7v/2 6))
where
Pg - Lgl
R = Ry = —=——=—
e XZ el byr - thk, (1a)

-L -L
Pg - Lg2 i Pg - Lg3

Re_ZY = ReZ + Re3 = (lb)
bg2 . thkg bg3 . thkg
Table 1 SU-8 mechanical/thermal properties
Young’s modulus (E,), GPa 2
Poisson ratio (v,) 0.22 e hanical/th | )
t! t
Tensile strength (o,..), MPa 70 able old mechanical/thermal properties
Density (d,), kg/m? 1,190 Electrical resistivity at 20 °C (pg), 2m 24 %1078
Coeft. of thermal expansion (a), 1/ °C 52 x 107 Density (dg), kg/m3 19,320
Thermal conductivity (k,), W/(m °C) 0.3 Specific heat (cg), J/(kg °C) 128
Specific heat (cy), J/(kg °C) 1,600 Thermal conductivity (kg), W/(m °C) 300
Softening point (T, ), °C 210 Melting point (T, o), °C 1,000
25
<0
400 200 200 200
I — - =
S ; o~ o~ | -
N I
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Fig.1 CAD drawing of the microgripper
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Fig. 2 Top view of the structural-electro-thermal microgripper design
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Lgl

Fig. 3 Geometrical parameters of the gold electro-thermal resistances (details)

Fig. 4 Geometrical parameters
of the gold electro-thermal
resistances (further details)

Table 3 Gold layer and SU-8 substrate geometrical parameters

Layer thickness (thkg), wm
h
1

82> pwm

g2> LM
Layer width (bg), wm
b
by,
bys
Layer length (L), m
L
L
Ly
Substrate thickness (thk), pm
Substrate width (b,), pum
by,
b,
b
Substrate length (L), pm
Ly
Lo
Ly

gl

gl

22

10
20

20

580
224
600
20

20

580
224
600

Fig. 5 Equivalent electro-thermal circuit model

p is the gold electrical resistivity depending on the ref-
erence temperature (T,.; = 20 °C) and on the maximum
temperature gold can withstand without overcoming its
melting point:

234.5 + Tmax_,

P20 T3S 4 Tog

2
Looking at Eqgs. (la) and (1b) it is important to note
that each gold arm was modeled as a wire whose electri-
cal resistance is directly proportional to its length and indi-
rectly proportional to its cross section.
Joule effect can be analyzed taking into account the
energy balance between the heat produced by the passage
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of the current (I) due to the applied voltage (V), the heat
stored in the cable and the heat lost to the surrounding
environment.

The gold layer transfers heat to both the substrate and
air. The gold layer-air (S,;,) and the gold layer-substrate
(S;,) thermal exchange surfaces were obtained using the
following formulas:

Sairt = bg1 - Lg1 +2 - thkg - Lgy + 2 - thkg - bgy
Sairz =2 - thkg - Lgo + bgs - heo

Sair3 = bg3 - Lg3 + 2 - thkg - Loz + 2 - thkg - bes
Sint1 = bg1 - Lgi

Sinz = bg2 ' hg2

Sint3 = bg3 - Lg3

The total thermal exchange surface (S,,,) was calculated
by means of these equations:

St = Sair1 + Sint1
S2 = Sair2 + Sine2
S3 = Sair3 + Sint3
Stot =S14+2-S2+2-8S3

3

The electrical currents (I) flowing through the device are
equal to:

Ixz = V/R.
Izy = Ixz/2

As a consequence, the generated total thermal-electrical
fluxes (®) can be written as:

Pxy0e = Reyp - 12
I2
Dzytot = (Rez + Re3) - 7

The thermal-electrical fluxes at the layer-substrate inter-
face that make the hot arms heat up for the microgripper
actuation are given by the following equations:

Sint1

Oxz = Pxztot—— 4)
N

Sine2 + Sing

Sy + S3 (5)

Dzy = Dzytot

The gold layer arms temperature variation (AT) depends
on the exchanged thermal fluxes and on the conductive
thermal resistance of gold arms:

ATxz = @xz - Ry

ATzy = @zy - R + Ry)

Also for the thermal resistances calculus, the gold lay-
ers were taken into account as if they were electrical
wires whose external diameter (D), obtained under the
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assumption that the cylindrically shaped wires have the
same mass [mg—see Eq. (13)] of each gold arm, is reported
below:

4 . thk, - bey
Dy = “71—? £
4 . thke - beo
Dy = Hiﬁ &
4 - thke - bes
Dy = | g " bg
¢ I1

The thermal resistances (R,) are:

_ In(Dyy /thk,)

tl_z'H'Lgl'kg (6)
_ In(Dy/thky) ;
, — n(Dg/thks)

2 Tl Le ke 0
_ In(Dy/thky) .
5 = [n(Dg3/thke)

2 T1Lgs ke ®)

The temperature (T) of the gold layer arms was then
obtained as it follows:

Txz = ATxz + Trer 9)

Tzy = ATzy + Tret (10)

To calculate the temperature of the SU-8 hot arms due
to the Joule effect thermal flux, a thermal energy equilib-
rium condition was written so that all the heat exiting the
gold layer and passing through the gold-SU-8 interface
surface is absorbed by the polymeric substrate increasing
its temperature from the reference to an equilibrium one

(Ty):

TXZ_Cg'mg'TXZ+Cs'ms'Tref 1

m Cg - Mg + Cg - Mg (11
Co Mg - Tzy + C5 - My - Thef

TmZY= g g S S Ie (12)

Cg - Mg + Cs - My
The masses of the gold layer (m,) and of the SU-8 sub-
strate (my) are listed below:
mg) = dg . thkg - Sintl
mg = dg - thke - Sine
mg3 = dg . thkg - Sint3

Mgior = Mgi + 2 - Mgy + 2 - mg3 (13)
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mg = ds - thks - Sjpy
mg) = ds - thks - Sipp
mg3 = ds - thk - Sings

Mgior = Mg1 + 2 - Mgy + 2 - mg3 (14)
3.2 FEM simulations and results

To perform the simulation it was necessary to put thermal
constraints on the device as it can be seen in Fig. 6: the
extreme cold arms of the gripper are at room temperature
while the central hot arms are subjected to different temper-
atures depending on the voltage applied so on the current
flowing through them. The applied hot temperatures are the
equilibrium ones ™ described in the analysis of Sect. 3.1.
Figure 7 shows four opening zones considered in the
gripping site; as it can be seen from the picture, “CD” and
“GH” openings are the reference ones because a cell can

Fig. 6 Structural-thermal FEM
analysis

Y ANAYAVAYAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAY

AANANANNANANANNNNANASNNANNANNNANANNS

Fig. 7 Reference openings in the gripping zone

enter without exiting the microgripper only if it has a diam-
eter lower than “CD” distance and bigger than “GH” one.

In Fig. 8 the parabolic relationship between the four
openings and the applied voltage is shown. Varying the
applied voltage, single cells of different diameters can
enter the microgripper to be incorporated and subsequently
tested. For example, applying a voltage equal to 45 V a
cell having a diameter lower than 37 pm and higher than
33 wm can be can be enclosed by the gripper.

The main problem related to thermal actuation of bio-
logical particles is the high temperature that could destroy
or damage the cell, so it was necessary to study the temper-
ature distribution (see Fig. 9) along the microgripper giving
it a particular geometry so that the temperature of the grip-
ping zone was not higher than the maximum temperature
(37 °C) a cell can withstand without changing its biologi-
cal/mechanical properties and behaviour. The temperature
in the gripping zone (T,;) is shown in Fig. 10; the highest
value is about 30 °C, a safe result for cell’s integrity.

COLD ARM

COLD ARM
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Fig. 8 Opening of the gripping zone in function of the applied voltage

Fig. 9 Temperature distribution
in the microgripper (values are

in °C)
I
20 33.567 47.135 60.702 74.27
26.784 40.351 53.919 67.486 81.053
Fig. 10 Temperature of the 32
gripping zone in function of the
applied voltage 30 7
28
g 26
-
T_cell
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22
20 e T l
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Voltage [V]
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4 Conclusions and future purposes

In this paper an electro-thermally actuated microgripper is
discussed by evaluating the system requirements. All the
results were obtained by means of Ansys 11.0 FEM simula-
tions; the real microgripper, having the same characteristics
of the presented virtual design, is still under construction
so no experimental activity has been done up to now and
the simulations results were compared, in terms of orders
of magnitude, to the ones found in the literature.

The cylindrical shape of the fingertips not to have
high pressures acting on the cell external surface and the
thermo-mechanical design and analysis of the gripper in
order to have low temperatures in the cell gripping zone are
all strengths that make the presented microdevice innova-
tive, not conventional and especially suitable also in the
bio-field and not only in the micro-mechanical one.

Some biological cells have a diameter up to 50 wm so
the use of a microgripper having a gripping zone not bigger
than 40 pwm generates interference and compression forces
between each one of these cells and the jaws of the device;
our purpose is the creation of a FEM contact model to eval-
uate the pressure acting on the external surface of the cell
by varying the gripping zone shape and/or the cell shape.
The mechanical and the material properties of the cell have
to be introduced in the FEM simulation as if the cell were a
micro mechanical component subjected to an external load.
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