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Abstract

Thermal actuator-based microtweezers with three different driving
configurations have been designed, fabricated and characterized. Finite
element analysis has been used to model the device performance. It was
found that one configuration of microtweezer, based on two lateral bimorph
thermal actuators, has a small displacement (tip opening of the tweezers)
and a very limited operating power range. An alternative configuration
consisting of two horizontal hot bars with separated beams as the arms can
deliver a larger displacement with a much-extended operating power range.
This structure can withstand a higher temperature due to the wider beams
used, and has flexible arms for increased displacement. Microtweezers
driven by a number of chevron structures in parallel have similar maximum
displacements but at a cost of higher power consumption. The measured
temperature of the devices confirms that the device with the chevron
structure can deliver the largest displacement for a given working
temperature, while the bimorph thermal actuator design has the highest
operating temperature at the same power due to its thin hot arm, and is prone

to structural failure.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

The advance of miniaturization technology has led to
the development of microtools which are suitable for
precisely manipulating objects at small scales. Applications
exist in biomedical and biological fields, micro-assembly
of microelectronics, communication devices and precision
machining. There is a great demand for microgrippers
or microtweezers with a controlled grasping force and
accuracy. Such devices must be easy to operate with a large
opening displacement at a low power consumption and low
temperature. The driving mechanisms used in microtweezers
include electrothermal, electrostatic, piezoelectric, pressure
and the shape memory effect [1-10]. High voltages of
up to hundreds of volts are generally required to operate

0960-1317/05/061294+09$30.00 © 2005 IOP Publishing Ltd Printed in the UK

electrostatically or piezo-electrically driven microtweezers
[5, 6], which are thus unsuitable for biological applications.
Devices actuated by gas pressure are normally large in size and
the device structure is complicated [7]. Shape memory-based
devices have problems of low efficiency, limited operating
temperature and difficulty in position control [8, 9]. Although
these devices are relatively large, with dimensions of up
to a few millimetres, only small openings of a few tens
of micrometers can be realized. Although microtweezers
based on electrothermal actuators need a high current and
are usually operated at high temperature [3], they are able
to deliver a large force with large opening displacements,
and are, therefore, one of the preferred driving mechanisms
for microtweezers, especially for non-biological applications.
Lateral bimorph thermal actuators based on differential heating
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Figure 1. (a) Schematic drawings of microtweezers with three thermal actuator structures. The type I device consists of a pair of lateral
thermal actuators, the type II device has two inverted chevron actuators while the type III device consists of two horizontal bars, separated
from the rotating vertical beams. (b) The opening states of microtweezers when they are heated.

achieved through in-plane shape, the so-called ‘heatuator’,
have been widely used as a driving mechanism to generate
a large displacement for microtweezers [1, 3]. Much effort
has been made to develop this type of microtweezer with
a lower operating temperature [10], but little attention has
been paid to the optimization of the structure to improve its
performance.

Fabrication processes for the aforementioned devices are
typically complicated and high-cost [11], and sometimes
require special equipment such as a deep reactive ion etcher
to etch through Si-wafers [5], or the LIGA process to form
a thick layer [11] or special materials [8, 9]. There are
great demands for simplified device structures and low-
cost fabrication technologies. In this paper, microtweezers
employing three types of electro-thermal driving configuration
were simulated using finite element analysis, and fabricated
using a single mask process based on electroplated Ni films.

The performances of these devices were characterized and
compared.

2. Design concept

Three types of thermal actuator structure were designed to
construct planar microtweezers. All the microtweezers have a
total arm length, L1, of 1100 um, with an initial tip opening
of 20 um. The type I (figure 1(a), left) microtweezer is based
on the lateral thermal actuator proposed by Guckel et al [1].
It consists of a pair of lateral thermal actuators with hot arms
facing each other. Each heatuator has a thin hot arm, a wide
cold arm and a hinge. When current passes from one terminal
to the other, the thin (high electrical resistance) arm heats
more than the wide (low electrical resistance) cold arm. The
differential temperature between the hot and cold arms leads to
a net expansion of the hot arm, generating a lateral deflection.
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The deflection of the heatuator is affected significantly by the
widths of the hinge and the hot arm, and the gap between the
hot and cold arms [12, 13]. A smaller gap and a narrower
beam lead to a larger deflection. In order to produce sufficient
force for tweezer applications, the heatuators of the type I
microtweezers were designed, with the widths of the hot arm
and the hinge 10 um, the gap 12 um and a hot arm length
400 pm.

A type II device (figure 1(a), middle) consists of a
chevron structure fixed by supports on both sides [14, 15].
As current passes through the angled beams, the thermal
expansion of these beams leads to an upward deflection
of the vertical connection bar (as shown in the figure),
which is linked to another inverted chevron structure. The
upward-moving vertical bar pushes the inverted chevron
upward, and deflects the arms of the microtweezers outward.
A number of chevron structures are placed in parallel to
increase the force without affecting the flexibility of the
individual chevron beams. The deflection of the chevron
depends on the inclination angle and the length of the beams
of both chevron structures. The smaller the angle, the
larger the deflection of the structures [15, 16]. To reduce
the lateral dimensions, shorter hot arms (angled beams) of
L = 150 um were used for these devices, instead of those of
L = 400 pum as used in the type I device. The angle of the
chevron hot arms is set to be d/L = 1/10 for both chevrons (d
being the height of a chevron beam as shown in figure 1(a)).
The length and width of the beams are L = 150 and W =
5 um respectively for the large chevron, and L = 50 and W =
4 um for the inverted chevron structure.

Configurations I and II produce a deflection at an angle
from the direction of the force created by thermal expansion.
Therefore, a certain amount of force and power is wasted in
converting the force into a deflection. The right-hand drawing
of figure 1(a) is a schematic drawing of a type III device
which uses a driving mechanism proposed by Lin ef al as a
mechanical amplifier to measure the strain [17]. The device
has two main horizontal beams, equivalent to the hot arm in
a heatuator device, and they are connected with two hinges
and a short bar above them. The hinges provide flexibility of
rotation for the tweezer’s arms. The long and short horizontal
bars expand laterally when heated, and deflect the tips of the
tweezers outwards. Since the horizontal bars, which generate
the thermal expansion, are separated from the tweezer arms,
they can be designed to have large dimensions, as the thermal
expansion force is proportional to the cross section of the beam.
The large dimensions also have the advantage of tolerating a
high current without suffering high temperature deformation,
which is one of the problems for type I devices, as will be
shown later. Similarly shorter horizontal bars with L =200 um
were used for type III devices to reduce the lateral dimension
with a width of 20 um.

3. Finite element simulation

In order to compare the different configurations and their effect
on the microtweezer performance, finite element analysis
(FEA) based on FEMLAB software (a commercially available
plug-in software for MATLAB™ %) was used to model the

4 The MathWork Inc., 3 Apple Hill Drive, Natick, MA 01760-2090, USA.
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Figure 2. Dependence of the displacement on the applied voltage
simulated for three types of device.

Table 1. Material properties of Ni [18, 19].

al0® p107% &k E £ 1073
K™ (@m) (WmK)™) (GPa (K™
12.7 20 83 210 3.0
devices. This software has provided an optimal meshing

method to secure the accuracy of the simulation with an
error of less than 0.1%. In modelling, multi-physics models
including plane stress, conductive media dc and heat transfer
(solid thermal conduction only) models were used. The heat
losses by radiation, convection and conduction via air to the
substrate were not considered in the simulation, as the aim
was to compare the performance of the devices at the same
operation conditions. The Ni properties used in the simulation
are listed in table 1 [18-20]. The effect of temperature on the
resistivity has been considered in the simulation.

Since the length of the device is much larger than the
width and thickness of the devices concerned, the temperature
is constant within a cross section of the structure, but varies
along the structure, i.e. the direction of the heat flow. Under
a steady state, this becomes a classic one-dimensional heat
transfer problem. The temperature distribution of the device is
known to be independent of the thickness and width [1, 21, 22].
A shape factor was introduced to compensate the effect of the
thickness and width [23]. Although the FEA simulation is a
two-dimensional modelling, the principle remains unchanged,
thus the temperature of the devices is independent of the
thickness and width. As we will see from the discussion of
section 5, the conductive heat transfer via air to the substrate is
the dominant heat loss for these devices; increase in thickness
of the device should improve the efficiency of the devices due
to the reduced surface to bulk ratio.

Figure 2 shows the simulated tip displacement of all
the microtweezers as a function of applied voltage, V. Type
II and III devices show better performance in delivering a
larger displacement than that of the type I device. The
displacement increases parabolically with voltage as predicted
by an analytic model [16]. Figure 3 shows the dependence of
the displacement against consumed power Py (= V?/Rq here
Ry is the device resistance). Heatuator-based microtweezers
have a small displacement while the other two have similar
displacements over the whole power range. It should be
pointed out that the lengths of the hot arms are 150 and 200 pum
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Figure 3. The simulated displacement versus the power
consumption for three types of device. The type II and III devices
deliver a similar displacement, better than that of the type I device.

for the type I and III devices, which are much shorter than that
of the heatuator device (type I) of 400 um. When a normalized
displacement by hot arm length is compared, it is clear that the
type II device has the largest normalized displacement, and
the type I device has the worst displacement.

4. Fabrication processing

Microtweezers were fabricated using a single mask process
on 4 Si/Si0O, substrates with a SiO, thickness of 100 nm
[18, 19]. The structures were formed using a through-mask-
plating technology [24, 25]. Figure 4 shows the process
flow. A Cr/Cu seed layer with thicknesses of 5/50 nm was
deposited by sputtering on a plain Si/SiO,-wafer, and then
the plating patterns were formed by optical photolithography
using the photoresist AZ5214E with a thickness of 4 um as
the plating mould. Ni structures were electroplated in a nickel
sulphamate solution. The electrical and mechanical properties
of electroplated Ni layers have been investigated in detail and
reported in [18, 19]. It was found that when it is plated at a
current density of 2—4 mA cm~2 and at a temperature of 60 °C,
the residual stress (uniform stress and stress gradient) of the
Ni films is minimal [18, 19]. The typical uniform stress is in
the range of £20 MPa, while the stress gradient is only a few
MPa/pm. In order to get a thick Ni structure, a current density
of 4 mA cm~2 was chosen for all devices here. After plating,
the photoresist and seed layer outside the device area were
then removed by acetone and chromium etchant, respectively,
and the oxide layer was removed by a buffered HF etchant.
The actuators were then released by etching the underlying
Si using an SFg reactive ion etch process with a controlled
time. The bond pads have an area larger than 200 x 200 pm?,
much wider than the active structure of the tweezers. When the
active structures are released the bond pads remain attached
to the Si-substrate. The thicknesses of the Ni films were
3 and 4 pum respectively for the two batches of devices.
Figures 5(a) and (b) show SEM pictures of the electroplated
Ni-microstructures. The surfaces of the Ni structures are very
smooth and the sidewalls are almost vertical.

Figure 6 shows the three types of released microtweezers
and the details of the driving configurations. Although the
optimized plating conditions were used to plate Ni films,

Cr/Cu seed layer

Si0, (@) Si Seed layer deposit
[ ] “
b) Patterning
Ni-structure Electroplating
Resist removal,
(d) Seed etch
Pad Structure
Si0, etch
(e) Si etch
Pads Structure
Top view
Remaining Si area
under the bond pad

Figure 4. Process flow to make the microtweezers.

minor through-thickness residual stress gradients still existed,
leading to a visible out-of-plane deflection of the tips of some
tweezers. The residual stress gradient calculated from the tip
deflection was less than 1 MPa jum™!, which is consistent with
the previous observation [18, 19]. Such small stress gradient
has a minor effect on the mechanical properties and device
performance [19]. The tensile thermal stress induced by an
elevated plating temperature causes the shrinkage of the Ni-
beams after their release, leading to an in-plane deflection of
the tips for type II & III devices. Hence the tip openings
of as-made devices are smaller than those anticipated in the
design. This is not a problem for the type I device, as the
same shrinkage of the hot and cold arms does not induce a net
displacement laterally. Figures 7(a), (b) and (c) show the tip
openings after the release process for type I, II and III devices
respectively. The opening of the type I device remains the same
as originally designed (figure 7(a)), whereas the opening of the
type Il device is much smaller than was designed (figure 7(c)),
and the tip of the type II device is almost closed with a
remaining gap of only about 1 um (figure 7(b)). This effect
should be taken into account when designing a real device for
a specific application.
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Figure 5. SEM pictures of electroplated Ni microstructures. The surface of the Ni structure is very smooth, and the sidewall is vertical.

Figure 7. (a)—(c) Micrographs of type I, II and III microtweezers, respectively. The tip opening of the type I device is 20 pm, while those
for the type II and III devices are reduced to 1 and 6 um due to the tensile thermal stress induced by the elevated temperature plating.
(d)—(f) Micrographs of the type I, II and III devices with applied currents of 95, 260 and 190 mA, respectively.

5. Characterization and discussions

The devices were electrically tested on a wafer on a probe
station and were imaged with a video camera. The images of
the actuated devices were analysed using commercial image
analysis software to obtain accurate measurements of the
displacements. A Keithley 2400 Source Meter was used to
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provide the current and to monitor the voltage simultaneously.
To minimize the temperature rise of the device, a pulsed current
with a pulse width of 0.3 s was used. Figures 7(d), (e) and
(f) are the micrographs of the type I, II and III devices under
various currents. Under a current of 95 mA, the type I device
produces an opening of 12 + 2 um on one side. Type II and
IIT devices opened up by 15 £ 2 um and 30 & 2 um on each
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Figure 8. A typical /-V characteristic of a thermal actuator (type I).
Non-Ohmic behaviour was observed at high currents due to the
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Figure 9. Dependence of the opening of microtweezer tip (one side
only) upon the current and voltage for all three types of device.

side at currents of 260 and 190 mA, respectively. The width
of the teeth and the gap of the indicator are both 4 pm.

Figure 8 is a typical /-V characteristic of a device (a type [
device for this figure) together with the resistance. At small
voltage ranges, the current increases with voltage linearly and
departs from it as the voltage increases further. This is typical
non-Ohmic behaviour of a metal resistor. The resistance
Rp(T) of a metal device is a function of temperature, to a
first-order approximation, Rp(T') = Rpo(1 + £(T — Tp)). & is
the temperature coefficient of resistivity with a value of 3 x
1073 K~! for Ni [18, 19].

Figures 9(a) and (b) show the tip opening (one side
only, and the same for all figures shown below) as a

e R R R
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Figure 10. (a) Micrograph of failed heatuator hot arms and () the
cross over tips after a measurement at high temperature. The
permanent deformation leads to cross over of the tips.

function of voltage and current for all three types of device.
The displacements of all devices increase parabolically with
increasing voltage and current, in agreement with the analytic
model [16]. At a voltage of 1.0 V, the surface of the hot arm of
the type I device started to turn brown, and then black. With
a further increase in current, the hot arms oxidize severely
and creep failure occurs. Figure 10(a) shows the thermally
damaged hot arms of heatuator tweezers after applying a
pulsed current of 100 mA, and 10(b) shows the tips crossed
over due to creep deformation, a phenomenon observed by
other researchers from polysilicon-based heatuators [12, 26].
The tip opening of the type II and III devices continues to
increase with further increase in voltage (or current) up to
1.15 V without failure. The current range applicable for a
type I device was limited to 100 mA, while it was 290 and
210 mA for type II and III devices respectively.

Due to the different resistances of these devices, the
comparison of the performances under a fixed voltage or
current is inappropriate. In the following section, the
comparison was made using the power consumption and
actuation temperature as variables.

The total power used in the measurement is P = [V, which
includes the power consumed by the parasitic resistance Rp and
by the device resistance, Rp. Because the device resistance is
small, typically ~5 €2 as shown in figure 8 at room temperature,
the contribution to the total power consumption by parasitic
resistances such as the probe, cable resistance and the contact
resistance between the probe and bond pads is significant and
has to be excluded from the estimate of the power dissipation
inthe devices. The resistance of a device with several elements
of different cross sections is as follows:

e M
Wid d W

where L; and W; are the length and width of each section,
d is the thickness of the Ni film and p is the resistivity of
the Ni layer. The total measured resistance Rt is the sum
of the device resistance and the parasitic resistance, Rt =
Rp + Rp. The only two unknown parameters, p and Rp, can
be obtained from the measured total resistances of the three
devices. Rp and p were found to be Rp ~2 £ 0.3 2, and p ~
20 x 107° Q cm. The latter is consistent with the previously
measured value [18, 19]. The power consumed by the device
is Pp = IV — I’Rp. Figure 11 shows the dependence of the
displacement against the power consumption Pp, for all three

Rp=%
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Figure 11. Dependence of the tip opening of the microtweezers
upon the power consumption for the three types of device. The type
I device is operable only at power levels less than 75 mW, while the
other two types of device continue to deliver large displacements at
high power. The black dots are the simulated results for a type I1I
device for comparison.

types of device. At low power levels, all devices delivered
similar displacements with a slightly better performance for
the type III device, in agreement with the modelling results
shown in figure 3. At high power (Pp > 75 mW), the type |
device failed due to thermal damage, while the type II and
IIT devices worked well up to a power of ~120 mW. The
displacement increases parabolically with power consumption
up to 38 um, and at the same power level, the type III device
had alarger displacement than the type II device. These results
have been repeatedly observed in devices from the same batch,
and those in another batch with a thinner Ni layer (d = 3.0 um),
indicating good reproducibility and repeatability.

The simulated displacements for the type III device are
also shown in figure 11 for comparison. The experimental
displacements at a fixed power are only 30-40% of the
theoretical values. This significant difference is mainly caused
by the simplified modelling which did not consider the heat
losses by conduction through the air, via convection and
radiation. In order to estimate the magnitude of this error, it is
useful to consider a ‘lumped parameter’ model for the system.
At a fixed temperature, the power generated by Joule heating
Py is balanced by thermal conduction via the solid beam to the
bond pads and the heat losses of thermal conduction via the air
to the substrate, convection and radiation via the top surface,
which can be expressed as follows [21, 27]:

|: ksol Asec kairAb
Py= | 2y
L g

+ hconvAt + hradAt:| ATave - (2)

Here kg (= 83 W (m K)7!) and ky (= 0.03 W (m K)~!
[21, 27]) are the thermal conductivity of the Ni and air
respectively, heony (= 2-25 W m? K)~!' [21]) and Ay
the heat transfer coefficients by convection and radiation.
g (&25 um) is the gap between the actuator and the substrate
and L is the hot arm length. A is the cross section of the hot
arm and Ay, is the bottom surface area of the thermal actuator.
Ignoring edge effects, Ay, is the same as the top surface area of
the actuator, i.e. A = A= Ap. AT, is the average temperature
of the actuator. Taking half of the type IIl device as an example,
the heat losses can be estimated and compared. The rate of
heat transfer by thermal conduction through the solid beam to
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Figure 12. Comparison of displacement per unit power for three
types of device. The type II and III devices have a higher
displacement per unit power consumption than that of the type I
device.

the bond pads is

K Agwe/L =83 x 20 x 4 x 10712/200 x 107°
=332x 1077 (WK ™) 3)

which was the only mechanism considered in the FEA
modelling. Other heat losses are all through the surface (the
bottom or the top surface) of the actuator, and hence depend
on the temperature distribution in the arms of the tweezers.
Assuming the temperature of the arm of the tweezer remains
at room temperature, the minimum area contributing to the
heat losses should be the sum of the main horizontal hot arm
and the short bar, and the section between hinge and horizontal
bar, which is Amin & 4.9 x 1072 m2. If the heat loss occurs
through the arm of the tweezer as well, then the relevant area
is roughly five times the minimum area, i.e. Ap,x = 24.4 X
10~ m2. The rate of convective heat transfer via the top surface
of the actuator is AcomA = 10 X (Apin ~ Amax) = 4.8-24 x
108 W K~!, which is less than 1% of the solid thermal
conduction (here /o,y = 10 is assumed [21]). The radiative
heat transfer coefficients, /.4, is a function of temperature.
Assuming AT = 800 K and that the emissivity is close to
unity, the rate of radiation heat transfer corresponding to the
minimum and maximum areas is /.44 = 4-12 x 1077 WK™,
which is less than 5% of the solid thermal conduction. On the
other hand, the rate of conductive heat transfer via the air to
the substrate is given kyA/g =5.8 x 1075-2.9 x 1077 WK™,
which is about 18-88% of the solid thermal conduction. This
is likely to be the principal source of the difference between
the experimental and simulation results shown in figure 11.
The increased importance of gas phase conductive at small
scales should be included in future modelling effects. As the
conductive heat transfer from the bottom of the structure via
air to the substrate is the dominant heat loss, increases in the
thickness of the devices will improve the efficiency of the
devices.

In order to assess and compare the performance of the
three tweezers, the displacement per unit power consumption
n of configurations was considered. The displacements per
unit power for the three types of device are shown in figure 12
with the consumed power Pp, as a variable. Although there is a
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Figure 13. Dependence of the displacement on the measured
average temperature of the devices. The type I device has the
highest operating temperature but delivered the smallest
displacement, while the other two devices have much lower
operating temperatures with better displacement performance.

large variation, it is clear that the type I device has the smallest
displacement per unit power supplied. At low powers, n ~
0.17 um mW~! for the type I device, while it is n ~ 0.22
and 0.2 wm mW™! for the type II and III devices. At higher
power levels, the displacement per unit power for type II and
III devices reached ~0.25 and 0.3 wm mW~! without causing
failure, further verifying that the configurations of type II and
IIT devices are better than that of the type I device. This is
probably due to the separation of the expansion beams from
the tweezer arms and a more uniform temperature distribution,
leading to a higher efficiency. Also the maximum temperature
for type II and III devices is at a point far away from the tips
of the tweezers, whereas it is near to the tips of the tweezers
for a type I device.

The temperature of a working device can be extracted
through the variation of the resistance with temperature and
hence voltage. To a first-order approximation, it can be
expressed by

ATye =T — Ty = R = Roo, )

Rpo&

Here &£ (=3 x 1073 K~![18, 19]) is assumed to be a constant.
The device performance can then be compared using the
actuating temperature as a variable, and the results are shown
in figure 13. The displacement of the heatuator tweezers is
proportional to the average temperature of the device, while
the displacements of the other two types of device increase
parabolically with the average temperature. The maximum
extracted average temperature for the type I device is 585 °C
corresponding to a power of 75 mW, much higher than the
465 and 505 °C of the type II and III devices at the highest
power shown in figure 13. The heatuator device has the highest
actuation temperature, but delivered the smallest displacement.
Type II and III devices delivered larger displacements at
lower actuating temperatures, indicating their better driving
mechanisms.

It is known that the maximum temperature of a beam-
like device resistively heated by a fixed voltage across it is
related to the average temperature by Tpax = 1.5T e [16]. The
corresponding maximum temperatures are Ty, &~ 878 °C for
a type I device and T =~ 698 and 758 °C for type II and IIT

devices respectively. This is consistent with the observation
that at 878 °C in air, the surface of the Ni will oxidize and
significant creep will occur as observed for the type I devices.

It is again worthwhile pointing out that the hot arm length
of type I is much larger than those of type II and III devices.
It should be straightforward to obtain a comparison of the
displacements normalized by the hot arm length, L, from
figures 11-13. For instance, the displacements per unit hot
arm length are 2, 17.7 and 12%, respectively for type I, II
and III devices at 400 °C from figure 13, further indicating
that type II and III devices have much higher converting
efficiencies than that of type I device. The large gap and
wider hot arm are believed to be responsible for the small
displacement of the type I device. A large displacement can
be achieved for this type of device by using a thinner hot arm
with a small gap. However, the temperature concentration or
overheating will become serious problems due to the increased
resistance of the thinner hot arm, limiting the operating power
range and worsening the temperature concentration effect.
Also it is difficult to produce a large force using a thinner
arm, due to buckling problems. These results imply that the
type I device is not suitable for applications with relatively
large dimensions. On the other hand, type II and III devices
are less prone to buckling, which also results in higher driving
forces and better performance.

As can be seen, the devices are operated at a very high
temperature, which would cause damage to the devices and
the substrate. For practical use, the operation temperature
must be reduced significantly by operating it in a pulsed mode
or by designing a device using a material with high thermal
expansion coefficient. On the other hand, good heat sinks at
the end of the tweezers could improve the heat dissipation
efficiency, which can be achieved by using large bond pads or
using a material with high thermal conductivity such as gold.

6. Conclusions

Microtweezers with three different thermal actuator
configurations have been modelled and fabricated using a
single mask process and electroplated Ni thin films. A
comprehensive characterization and comparison have been
made to analyse the device performances through finite
element analyses and electrical tests. The microtweezers based
on two heatuators deliver the smallest displacement and has
a limited power range. This is mainly due to the localized
high temperature in the middle of the thin hot arm, leading
to failure. Two other types of microtweezer can deliver much
large displacements with a higher operating power range, even
though they have much shorter hot arms compared to the
heatuator device. The actuating temperatures of the thermal
actuators were extracted from the variation of resistance under
various currents, and these results confirmed that the heatuator
device showed the highest actuation temperature at the same
power but delivers the smallest displacement, while the devices
with the chevron structure have the largest displacement at the
lowest temperature. In terms of operating temperature, power
range and displacement, the type II and III devices are much
better than the type I microtweezers.
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