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Fabrication and Characterization of Thermally Actuated Bimorph
Probe for Living Cell Measurements with Experimental
and Numerical Analysis
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This paper deals with a novel structure for single-cell characterization which makes use of

bimorph micro thermal actuators combined with electrical sensor device and integrated micro-

fluidic channel. The goal for this device is to capture and characterize individual biocell. Quan-

titative and qualitative characteristics of bimorph thermal actuator were analyzed with finite

element analysis methods. Furthermore, optimization for the dimension of cantilevers and inte-

grated parallel probe systems with microfluidic channels is able to be realized through the

virtual simulation for actuation and the practical fabrication of prototype of probes. The experi-

mental value of probe deflection was in accordance with the simulated one.
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Nomenclature

1%4 . is the nodal voltage vector

T . is the nodal temperature vector

u . is the nodal displacement vector

Kz (T) : is the temperature-dependent electrical
conductivity matrix

I . is the nodal current vector

Cr(T) : is the temperature-dependent heat ca-

pacity matrix
K (T) :is the temperature-dependent thermal
conductivity matrix
Q . is the heat flux vector
Qe . is the heat generation due to electrical
flow vector
Qr . is the heat generation due to inelastic

deformation vector
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QF . is the heat generation due to friction
vector

M . is the mass matrix

D . is the damping matrix

Ku (T ,u.,t) ' is the temperature, deformation and
time-dependent stiffness matrix

F . is the externally applied force vector

Fr . is the force due to thermal strain vector

1. Introduction

In the past few years, the interest in analysis of
even more complex biological systems such as
living cells with the use of microfabricated struc-
tures has attracted increased attention. Thus, the
application of microfabricated techniques (MEMS
techniques) has really entered the life science field
and has started to serve as a driving force for
discover in cell biology, neurobiology, pharma-
cology, and tissue engineering. Specially, single-
cell analysis and manipulation have been highly
pursued by biologists over the past decade, be-
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cause microanalysis systems and biosensing sys-
tems based on single cell make it possible to
perform analysis for a wide range of applications
from fundamental biology research to drug de-
velopment.

The development of tools for single-cell ma-
nipulation and characterization in aqueous media
is of major importance for the rapidly growing
area of cellomics as well as genomics and proteo-
mics. Specially, using microactuator is very useful
for single-cell manipulation. To manipulate in-
dividual cell, the micro gripper devices operating
in an aqueous environment using SU-8 was also
introduced by Chronis and Lee (2004). However,
this device cannot be used for the characterization
of cells.

Also, detection as well as manipulation of indi-
vidual cell in microfluidic channel on chip (flow
cytometry) is possible through the microactuator
and widely used. Recently, it is possible to mea-
sure the mechanical properties of the living bio-
logical samples (such as the cell-to-cell interac-
tion force and elastic property of cell itself) in
aqueous media with the AFM (Fadmacher, 1997).
Similar to the force measurement of cell in single
level using AFM, three-dimensional movable
microsensor with vertical probe actuation, which
can isolate the cell from environment, makes it
possible to characterize the electrical property as
well as mechanical property of cell.

Some simulated results on thermally actuated
MEMS devices were introduced (Pichonat-Gallois
and Labachelerie, 2003; Yu and Yang, 2003).
However, these simulated results are in agreement
with experimental results for low temperature
range, but high difference between them appears
as the temperature is going up. It may be due to
the fact that they did not consider the material
properties dependent on temperature, and that
conduction and convection were underestimated.
Therefore, the heat generation and loss should be
in detail investigated to describe the actuation
characteristics of bimorph thermal actuator ex-
actly.

We introduced a novel device for a single-cell
characterization (Kim et al., 2003). In this device,
we used the doped poly-silicon, which is well

adapted to measure electrical signal. Also, the
difference of thermal expansion coefficients be-
tween poly-silicon and transparent photo-plastic
material (SU-8) is used as the main advantage
for bimorph actuation of the sensing probes. SU-
8 follows surface contours conformal down to the
nanometer range and is easily covered to poly-
silicon probe structure inside micro channel. The
device can be also optically monitored when cap-
turing small objects even if located under the
poly-silicon cantilevers.

In this research, we present the details of the
fabrication of bimorph thermal actuators com-
bined with electrical sensor device and integrat-
ed micro-fluidic channel in order to realize cell
manipulation and electrical detection. Moreover,
quantitative and qualitative characteristics of bi-
morph micro actuator are investigated with finite
element analysis methods. Through the virtual
simulation, we can get information about actua-
tion characteristics for optimization of bimorph
thermal actuator.

2. Fabrications

The schematic view of the device is shown in
Fig. 1. The device consists of three independent

Doped poly-Si il i SU-8
A LTO
Biocells in \
V-groove channel l in-situ Doved
Flw in-situ Dope
poly-Si

Electrode for
heating, I

Electrode for
resistivity

T'(— measurement,
Iv)
Fig. 1 Schematic view of cell capture and electrical
measurement
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self-actuated probes on the fluidic channel. The
middle positioned probe is actuated to immobi-
lize individual biocell and measure electrical char-
acterization of it simultaneously, while other two
probes are actuated to open and close the flow of
cells for capturing.

The fabrication process is like the followings.
The V-grooves for microfluidic channel as well
as micro-mold for tip formation of the sensor part
of the probe arrays are fabricated by anisotropic
KOH etching, and then deposited with SiN for
insulation. After in-situ doped poly-silicon and
low temperature oxide (LTO) are deposited, 2 #m
poly-silicon is deposited, doped by phosphorus
implantation and finally annealed. The poly-sili-
con is patterned by photolithography and etched
by RIE (SFs and CF, gas), and then transparent
photo—plastic material (SU- 8) is also patterned
for cantilever structures. The probe cantilevers are
made with conjugation of doped-poly-silicon,
SU-8. The patterned Cr/Au electrodes for heat-
ing of poly-Si/SU-8 cantilevers are covered with
very thin SU-8 (less than 800 nm in thick) to pre-
vent metal layers from peeling-off. Finally, poly-
Si/SU-8 cantilevers are released from the fluidic
channel when the sacrificial layer of LTO is
etched by BHF solution. Figure 2 shows the
whole device integrated with the flow channel
and probe cantilever as well as inlet.

PolySi

Fig. 2 SEM images of probe arrays with micro-
fluidic channel and probe cantilevers. (c) be-
fore release. (d) after release

3. Operation Principle and Method

Usually, a bimorph actuator is composed of
two thin panels of ceramic elements bonded to-
gether with a flexible metallic panel as its central
electrode. By wiring these two elements in such a
way as to make one elongate and the other con-
tract by applying voltage, inflection deviation
occurs conforming to the waveform of the applied
voltage. This allows it to be used as an actuator.

When the probes are released by sacrificial
layer etching, probe cantilevers in length of 250
pm are bent up to around 30 #m due to residual
stress between SU-8 (20 #m thick) and poly-
silicon cantilever structures (2um thick) as shown
in Fig. 2. When an input voltage is supplied
through Au electrodes and the cantilever is heated
from top side, temperature rise provides beam
bending down due to the difference between the
coefficients of thermal expansion of SU-8 and
poly-silicon, and the initial stress.

4. Considerations of Heat
Transfer Modes

As shown in Fig. 3, the heat generated by Au
electrode is not only conducted to each layer but
also transmitted to surroundings by convection
and radiation on the structure surface. When
Joule heating rate in Au electrode is same to the
heat out-flux by conduction, convection and ra-
diation, the system comes to thermal equilibrium
state and bimorph thermal actuator shows out-

Radiation &
-

P .

Conduction

" Convection

Fig. 3 Heat transfer mechanisms by conduction,
convection and radiation
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of-plane deflection as mechanical response ac-
cording to thermal strain distributions at thermal
equilibrium state. In this paper, we just consider
the area of Au electrode which is top side of
probe cantilever.

Before virtual simulation based on finite ele-
ment analysis, we infer respective effects of heat
transfer modes on bimorph thermal actuator from
continuum-based theoretical equations (Incropera
and De Witt, 1990).

4.1 Joule heating generation

Au electrode deposited on SU-8 structure plays
a role of heat source, and related equation is ex-
pressed as following.

. V?
Q= V]—T (1)

et >
where Qg is the Joule heat, V/, the supplied vol-
tage, I, the current, R, the resistance, o, the
electrical resistivity, L, the length of electrode,
and A, the cross section area of electrode. Elec-
trical resistivity is a variable material property as
temperature changes. Therefore, resistance of the
narrowest Au electrode area on probe cantilever
is just calculated to be around 8.1, 13.0, 18.2Q
when the electrode temperature is assumed to be
uniformly 600, 900, 1200 K. When 1 V is supplied
to Au electrode, Joule heat of around 123, 77, 55
mW is generated.

4.2 Conduction

Most of heat generated by Au electrode on top
of cantilever is transmitted to Au electrode of
probe body and SU-8 structure by conduction.
Heat transfer rate by conduction is expressed as
well-known Fourier’s law.

qg(md =—k % (3)

where @Zona is the heat transfer rate in the x

direction per unit area perpendicular to the di-

rection of transfer, &, the thermal conductivity,
and d7T/dx, the temperature gradient.

Under proper assumption that temperature of

Au electrode is 600, 900, 1200 K and temperature

of surroundings separated from Au electrode is
300 K, heat transfer rate conducted along with
Au electrode and heat transfer rate transmitted to
SU-8 are about 11, 20, 29 mW and 5, 10, 15 mW,
respectively.

4.3 Convection
Qconv, the convective heat flux is expressed as
Newton’s law of cooling.

qgonv:h(TS_Tw) (4)

where 75 and 7% are the surface and fluid tem-
peratures, respectively. The proportionality con-
stant / as the convection heat transfer coefficient
is averagely determined as follows.

h=Nu, %= (5)

where Nu; is the average Nusselt number, £, the
thermal conductivity of the fluid, and L, the
characteristic length.

Because the characteristic length L is very
small, % has higher value than that in macro
scale by size effect. When it is assumed that T, is
600, 900, 1200 K, and T is 300 K, respectively, is
around 550, 690, 794 W/m?-K and convection
heat transfer rate is 0.14, 0.35, 0.60 mW. The role
of convection in heat transfer at high temperature
becomes important because the thermal conduc-
tivity of air, k&, is in proportion to temperature.
The thermal conductivity of air as a function of
temperature at atmospheric pressure is given by
Vargaftik (1956).

4.4 Radiation

(7ad, the net rate of radiation heat exchange
between the surface and its surroundings, per unit
area of the surface, is assumed as follows.

q;/adzg()‘(Té_T;ur) (6)

where € is the emissivity, ¢, the Stefan-Boltzmann
constant, and Ty, the temperature of the sur-
roundings.

Assumed that T, Tsur are 600 K, 300 K, re-
spectively, radiation heat transfer rate on the Au
electrode surface (emissivity, £€=0.04) is 2.3X
107* mW. When Ty is assumed to be 900, 1200 K,
radiation heat transfer rate is 1.2 X 1072, 3.9 1072
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mW. Heat loss by radiation can be neglected,
because it is very small when compared with heat
emission by conduction or convection (Kim et
al., 2002).

4.5 Discussion

Tables 1 ~3 show the comparison between heat
transfer modes (conduction, convection, radia-
tion) for different temperature of Au electrode,
respectively. All of these are calculated from Egs.
(1)~ (6).

As the temperature of Au electrode rises by
Joule heating, the resistance of Au electrode also
grows high. It results in reduction of heat generating
rate, and the reduction of heat generating rate
affects the increase of heat transfer rate transmitt-
ed to surroundings. Moreover, increase of tem-
perature causes increase of convection heat trans-
fer coefficient, because the average Nusselt num-
ber in Eq.(5) does not almost change but the
thermal conductivity of air, k;, increase 2~3
times. Therefore, the role of convection in heat
transfer becomes important (Kim et al., 2002).

Table 1 Comparison between heat transfer modes

(Tau=600 K)

Heat generation rate 0.123W -
Heat conduction [ 0.016W 99.13%
transfer | convection | 0.00014 W 0.87%
rate by radiation |2.3X107"W | ~0.00%
Total heat transfer rate | 0.01614W 100.00%

Table 2 Comparison between heat transfer modes

(Tau=900K)
Heat generation rate 0.077 W -
Heat conduction |  0.030W 98.85%
transfer | convection | 0.00035W 1.15%
rate by | radiation |12X107°W | ~0.00%
Total heat transfer rate | 0.03035W 100.00%

Table 3 Comparison between heat transfer modes

(Tau=1200K)

Heat generation rate 0.055W
Heat conduction |  0.044W 98.65%
transfer | convection | 0.00060W 1.35%
rate by | radiation |3.9X107°W | ~0.00%
Total heat transfer rate | 0.04460W 100.00%

Whether it is valid to consider convection through
simulations or not should be discussed.

5. Analysis of Bimorph Thermal
Actuator by FE Modeling
and Simulation

It is difficult to measure the properties like
stress, strain, temperature and so on, because the
cantilever size of bimorph thermal actuator is
very small (width 30 gm, thickness 22 pm, length
250 #m). That is, it is not easy to analyze the ac-
tuation of bimorph thermal actuator fully through
experiment. Through virtual simulation, however,
it is possible not only to get quantitative and
qualitative analysis results, but also to optimize
the dimension of cantilevers and integrated par-
allel probe systems with microfluidic channels.

5.1 Problem definition
Figure 4 shows three-dimensional model of

- Unit ; pm

L

- -"‘\.\“
s — Ba,  Au(oay
R , ..-:::.»— L SU8e0
T e e _ - _-Poly-Si(21)
i s
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\"\-\.
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_"‘:'C'_'.“::-/"'"’- —LTO (2t)
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Fig. 4 Three-dimensional model of a bimorph ther-

mal actuator for numerical simulation, (a)
Geometry and dimensions with straight beam,
(b) Side view of the operated part, (c) Sche-
matic view of the probe tip on an erythrocyte
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bimorph thermal actuator for numerical simula-
tion. The respective thickness of four layers and
the shape of probe are shown in Fig. 4(a). When
the actual probe was released by sacrificial layer
etching, probe cantilever in length of 250 y#m
was bent up to around 30 gm because of residual
stress. For considering this bent-up shape at si-
mulation, we gave the change of temperature to
the preliminary model of straight beam shape and
initial geometry was modeled as shown in Fig. 4
(b). The schematic view of simulation for charac-
terization of an erythrocyte is shown in Fig. 4(c).

5.2 E-T-M coupled problem

There are many physical phenomena which are
deeply related to various physical fields, and the
problems in this research also conform to E-T-M
(electrical-thermal-mechanical) coupled prob-
lems. MSC.MARC was used, which is commer-
cial analysis program, for virtual simulation.

The variations of physical properties of ma-
terials were considered along with temperature
change, for example, thermal conductivity, elec-
trical resistivity, specific heat, and elastic modulus
(Weast et al., 2003 ; 2004) . Transient response in
heat transfer is reflected along with time, but the
solution for mechanical response was obtained
under the assumption of quasi-static process. This
consideration for conduction and convection is
based on heat transfer model in continuum of
macro scale, but radiation effect is not taken into
account.

Coupling between electrical and thermal prob-
lems is mainly caused by heat generation due to
electrical flow, @z (Joule heating). The thermal
and mechanical problems are coupled through
thermal strain loads, F'r and heat generation due
to inelastic deformation, @; and friction, Q.
Additional coupling may be introduced in case of
temperature-dependant electrical conductivity,
K& and mechanical stiffness, Kj. Figure 5 shows
the relationships between each physical analysis
of one’s own.

Nonlinearities may arise in the thermal prob-
lem because of convection, radiation, and tem-
perature-dependant thermal conductivity and speci-
fic heat. The mechanical problem may also in

Electrical

QE coupling KE

Thermal
P K,, |coupling Q.Q.
Mechanical

Fig. 5 Coupled electrical-thermal-mechanical
analysis

volve geometric and material nonlinearities. Con-
tact is another source of nonlinearity. If contact
occurs between deformable and rigid bodies in
the mechanical problem, boundary conditions of
electrical and thermal problems must be updated
to reflect the new contact conditions. In this re-
search, it is, however, assumed that heat genera-
tion by deformability or friction is not consi-
dered, and that contact between probe and channel
does not affect initial boundary conditions.

The matrix equations governing the electrical,
thermal and mechanical problems can be express-
ed as

Ke(T)V=I (7)
Cr(T)THEK(T) T=Q+Qe+Q:+Qr (8)

Mii+ D+ Ku(T, u, t) u=F+F; (9)

5.3 FE modeling and material properties

Because the problems in this research include
E-T-M coupled response, it is very difficult to
make exact modeling considering all conditions.
Therefore, we carried out the simulation under
proper assumptions.

The material properties used in simulation are
shown in Table 4. The variation of physical pro-
perties of Au was considered along with tem-
perature change, because Au electrode, which
acts as heat source, has wide-ranged temperature
change from normal temperature to around melt-
ing point.
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Table 4 Material properties

Property Unit Au SU-8 Poly-Si SiO;
Elastic modulus GPa 78.5 4.95* 160 73
Poisson’s ratio - 0.42 0.22 0.2 0.17
Mass density X 10% kg/m? 19.32 1.195 2.33 2.2
Thermal Expansion Coeff. X 107%/K 14.1 21* 2.4 0.4
Thermal Conductivity W/m-K 317* 0.2 30~35 1.32
Specific Heat J/kg K 129* 1,2007 753 700
Electrical Resistivity Q-m 2271X1078%  102~101" 2x107* 106
#*Given at room temperature (~300 K) and varies along with temperature change
fPresumed value
As shown in Fig. 6(a) and 6(b), variation of w] o
thermal conductivity, electrical resistivity, and B j
specific heat of Au along with temperature change n i N o . | SR
was considered. Because the layer of SU-8 is E ] SR ] -..u.mé
thicker than that of other materials (Au, poly-Si, £ v . {4om0* Z
LTO), SU-8 plays an important role for genera- E i Y 1 '-U*'U'Tg;
tion of mechanical bending force. Therefore, var- Cmd {zome
iation of elastic modulus along with temperature 200} o
change was considered about only SU-8 as shown S P SR P P P, P P b

in Fig. 6(c).
change for all materials along with temperature

We did not consider the phase

change. Transient response in heat transfer was
reflected along with time, but the solution for
mechanical response was considered under quasi—
state. The residual stress which is the reason of
pre-bending was not considered, assumed that the
stress distribution is initialized to zero. The con-
sideration for conduction and convection was
based on heat transfer model in continuum of
macro scale, but radiation effect was not taken
into account.

The boundary temperature between surroun-
dings and LTO layer which plays a role of heat
sink by thermal conduction was fixed to 300 K. It
is assumed that heat transfer coefficient by con-
vection is 400 W/m?-K, and that heat transfer
coefficient on the surface of Au electrode is spec-
ially 1,000 W/m?-K when considering the high
temperature of the surface.

The simulation for actuation was performed for
0.1 sec in real time. 1 V voltage was supplied to
Au electrode for first 0.05 sec, and then the cur-
rent was switched off for the second half. The
time interval per increment was 2X107*sec, so
analyses for 500 increments was carried out. For
more exact analysis, we tried 2 X 107° sec as time

Tompaorature (K)

(a) Thermal conductivity and resistivity of Au

Specific heat (W/KgK)
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Temperature (K)
(b) Specific heat of Au
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50010 4 i &
= 4500" 4 -
§ 4om0’y Jee0 S
H [ 3
2 asmo’4 i 2
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B 4 4 2
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& = 4200 i
= z2sx0"
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20010" 4 - . q 49
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(c) Thermal expansion coefficient and E of SU-8
Fig. 6 Variations of material properties along with
temperature change, as inputs for virtual
simulations
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interval per increment, but we confirmed that
there was almost no change for the predicted
solutions at steady state.

5.4 Results and discussions

5.4.1 Temperature distribution

Figure 7(b) shows the predicted results of tem-
perature histories at the specific points which are
shown in Fig. 7(a). It is predicted that tempera-
ture in Au electrode surroundings will come to
the 99.5% level of maximum temperature (~ 1513
K) at steady state within 0.02 sec, and that ther-
mal steady state over whole structure will be
realized in 0.05 sec. The melting point of pure Au
is around 1337 K (1064°C), and the predicted
maximum temperature of Au in simulation was
1513 K. If the predicted temperature is exact, the
fabricated probe device cannot work, but real
prototype of probe device worked well under

Temperature [ K]

0 Q01 o o003 O 005 006 OO 0B 008 O1
Time [ sec]

()

same condition. This result means that the physi-
cal properties of materials have limits in predic-
tion for actuation of bimorph thermal actuator.
When current is switched off, it is expected that
the temperature over whole structure will go
down under 500 K during 0.004 sec (at 0.054 sec),
and that whole physical variables over 99% will
return to initial state after 0.05sec (at 0.1 sec).
Figure 7(c) and 7(d) show the predicted time
histories of temperature in case of neglecting con-
vection and in thermally insulated condition, res-
pectively. The predicted temperature at point A at
0.05 sec is around 1600 K and 1658 K, respective-
ly, and moreover at this time the temperature does
not arrive at the steady state yet. This result is
very different from the result that the maximum
temperature at steady state in case of considering
convection is 1513 K. During natural cooling af-
ter 0.05 sec, temperature histories are also differ-
ent from those in case of considering convection.

i} om pe 0@ o0 o005 006 OO OB OO a1
Time [ sec)
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Fig. 7 Predicted time histories of temperature at the selected points (A~D)
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Fig. 8 Predicted temperature distributions on the thermally actuated probe
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Fig. 9 Predicted curves of contact force and displacement Z of the tip, vs. time, respectively

In case of thermally insulated system (Fig. 7(d)),
heat is apt to be redistributed internally over
initial temperature 300 K. The bimorph thermal
actuator can realize one cycle for 0.1 sec perfectly.
Figure 8 shows predicted temperature distribu-
tions in probe surface for respective time.

The temperature of probe tip which makes
contact with biocell directly is very important.
The maximum temperature of probe tip at steady
state is around 456 K, and may give heat shock to
biocell.

5.4.2 Force exerted by actuator

The contact force of probe and the Z-displace-
ment of probe tip are shown in Fig. 9(a) and 9
(b) during 0.1 sec. In the first stage, when probe

cantilever is bent down, the convex area of can-
tilever makes contact with an area between V-
groove and probe body firstly. From this time,
contact force increases until the whole system
arrives at thermal steady state. The maximum
contact force is around 1317 uN (~0.13 gf). On
the other side, it is thought that probe tip makes
contact with biocell firstly in case of real mea-
surement.

6. Modification of Electrode and
Temperature Measurement

6.1 Modified electrode model
It is shown that the bimorph thermal actuators
can be optimized through changing the length of
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Fig. 10 Predicted temperature distributions on the thermally actuated probe for modified model
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(a) Initial model

(b) Modified model
Fig. 11 Predicted temperature distributions on the
thermally actuated probe at steady state

electrode. Figure 10 shows predicted temperature
distributions in probe surface for respective time.
For modified electrode model, bimorph thermal
actuator can also realize one cycle for 0.1 sec per-
fectly.

Figure 11 shows the predicted temperature
distributions on the probe surface at steady state.
The predicted maximum temperature of Au elec-
trode in simulations with the initial and the
modified model was 1513 K and 1130 K, respec-
tively. Since 1513 K is excessive as compared with
1337 K, the melting point of pure Au, the length
of Au electrode was modified from 50 #m to 150

§ 8 &

Contact Force [uN]
g8 8 8 &

(=]

0 001 002 003 004 005 006 007 008 009 0.1
Time [sec]
(a) Contact force

(=]

- .
(=] w

Displacement Z [um]
&

-20
-25
-30
0 001 002 003 004 005 006 007 008 009 01
Time [sec]
(b) Displacement Z of the tip
Fig. 12 Predicted curves of contact force and dis-

placement Z of the tip, vs. time, respectively
for modified model

pm in order to reduce a potential difference per
unit length. This can certainly affect the shape of
deflection with different temperature distribu-
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tions. As shown in Fig. 11, the predicted maxi-
mum temperature of probe tip was around 456 K
and 695K in each model. Both may give heat
shock to biocell. These results, however, show the
feasibility of the optimization of the present probe
system.

The predicted maximum contact force was
around 841 4N at modified model as shown in
Fig. 12. Also, the deflection pattern of the modi-
fied model is dissimilar from that of the initial
model. The deflection pattern may be connected
with the performance of electrical sensing.

6.2 Temperature measurement by infrared
ray

When the cantilever beam was heated by flow-
ing current in heater, it moved downwards. Input
voltage up to 1.8 V could be supplied without
damaging electrode by overheating. The practical
temperature of probe tip was measured by two
methods ; one is infrared rays’ temperature mea-
suring instrument (Keyence, model 1T2-02), and
the other is thermocouple. The temperature mea-
sured from both of them was around 30°C as
shown in Table 5. It was much lower than analy-
tical temperature, which reached over 200°C. This
is due to the fact that the infrared rays’ tempera-
ture measuring instrument has a focus point of
1.2 mm diameter, and so the measured tempera-
ture indicates the average value including the
surroundings of probe and the sensing part in
SU-8/poly-silicon probe, not the temperature
spread over probe tip. Even though it is averaged
value due to the wide focal region of the instru-
ment, this experimental result means that the
temperature of sensing part is low enough that
the bimorph probe almost never gives cells ther-
mal damages during the characterization of cells
(Ataka et al., 1993).

Table 5 Temperature data of probe tip measured
with infrared rays’ temperature measuring

instrument
A
Voltage | Current verage
Temperature
Experiment 1 1.0V 24 mA 26.5C
Experiment 2| 14V 30 mA 302°C

The practical current level in Table 5 was
almost same as the analytical current level (30~
40 mA). Moreover, even the bimorph actuated
sensing probe cannot generate large force, the
force range is compatible with what a biological
cell withstands without any damage, and dis-
placement of probe is large enough to charac-
terize a biocell in the microfluidic channel.

7. Conclusions

In this paper, a novel structure for a single-cell
characterization is proposed which makes use of a
bimorph actuated sensor arrays with integrated
microfluidic channels. Understanding about the
actuation of bimorph actuated probe and investi-
gation of physical phenomena by heat transfer is
achieved using finite element analysis methods.
Through virtual simulation, the author could
predict not only deflection of cantilever before
and after release, but also temperature distributi-
on and contact force.

Heat loss by radiation is neglected, because it is
very small when compared with heat emission by
conduction or convection. The temperature range
to be considered in this research is from 300 K to
1600 K. The effect of convection in heat transfer
from Au electrode to surroundings has conse-
quence about 1~2%. However, it is positively
necessary to consider the effect of convection in
actuation analysis of bimorph thermal actuator,
when analyzed from time which it takes to be
steady state, and thermal and mechanical res-
ponses.

Under the rational assumptions with restricted
information about material physical responses
and process conditions at very high temperature
and very small scale, it is predicted that this bi-
morph thermal actuator can realize one cycle
for 0.1 sec perfectly from Joule-heat-mechanical
coupling analysis.

The contact force and temperature of probe tip
which makes contact with biocell directly were
predicted to be 0.13 gf and 160°C at steady state,
respectively. The predicted contact force level is
proper for characterization of biocell, but the
predicted temperature of probe tip may give seri-
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ous damage to biocell.

The maximum temperature of Au electrode at
steady state which is predicted by virtual simu-
lations is 1513 K, and it is very high temperature
compared with melting point of pure Au (1337
K). It is necessary to reanalyze this problem bas-
ed on analysis model proper to micro scale prob-
lem as well as more exact material properties and
analysis method. However, we confirmed that it is
possible to get more information about charac-
teristics of bimorph thermal actuator through
present analysis. On the other hand, comparison
with real phenomena and calibration is necessary
in order that virtual simulations are good tools
of optimization eventually. Therefore, measure-
ment of exact temperature at local area with
micro-scale resolution is necessarily required.

In modified model, the predicted maximum
contact force is around 841 uN, and the predicted
maximum temperature of Au electrode in simu-
lations with the modified model is 1130 K. Also,
the predicted maximum temperature of probe tip
is around 695 K.

Bimorph actuated microsensor has a three-
dimensional movable microsensor with vertical
probe actuation. Therefore, cells can be isolated
from the planar environment by bimorph thermal
actuator, so the electrical property as well as
mechanical property of cell can be characterized
in single level in aqueous media.

In the future works, the complete system in-
cluding channels, signal sensing electrodes and
circuits, packaging or fluidic sealing, etc, will be
optimized and fabricated. Then the electrical
characterization of single living cell will be inves-
tigated beyond aqueous media. To characterize
the mechanical properties of cell, such as cell
membrane, interaction between cells, piezoresis-
tive sensor or optical lever method can be inte-
grated to the present bimorph cantilevers as well
as electrical elements. Finally, the proper method
for real fluidic sealing should be developed for
real measurement of a single cell.
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