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Electro-Thermally Driven Microgrippers for MEMS Applications

Evgueni V. Bordatchev and Suwas K. Nikumb
Integrated Manufacturing Technologies Institute, National Research Council of Canada

London, Ontario, Canada

ABSTRACT

This paper presents design, fabrication and performance testing of an innovative, laser
machined structure to act as a microgripper. The proposed design constitutes of a pair
of identical, cascaded actuation structures oriented in a face-to-face direction, to act as
microtweezers. Each microactuator consists of five actuation units joined together
horizontally in a consecutive order to build the cascaded structure. The actuation unit
incorporates an internal constrainer and two semi-circular-shaped actuation beams.
The actuation principle is based on the electro-thermal effect. On application of
electrical potential at the back ends, the conductive, geometrically complex structure of
the microgripper produces non-uniform resistive heating and uneven thermal expansion
generating tweezing displacements and force through a cumulative effect of all the
individual actuation units within the cascaded microactuators. High-precision laser
micromachining process was employed in the fabrication of the copper and nickel-based
prototype microgrippers with overall dimension of 1.4mm(L)x2.8mm(W) and with relative
accuracy within 1%. The geometrical parameters of the prototypes were evaluated in

terms of accuracy and precision to demonstrate the fabrication capabilities. Challenges

Bordatchev & Nikumb: Electro-Thermally Driven Microgrippers for MEMS Applications 1



involved and the solutions to develop functional microparts with high aspect ratio
(dimensional) with respect to the local elements and overall dimensions were described.
The performance of the two microgripper prototypes was analyzed and compared.
These microgrippers are useful in micromanipulating and microhandling operations for
MEMS, biological, medical, chemical and electro-opto-mechanical engineering

applications.
KEYWORDS

microgripper, electro-thermally driven, design, laser microfabrication, performance

testing, MEMS
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1. INTRODUCTION

Microrobotics and microassembly technologies employed in the development,
fabrication and assembly of the micro-electro and micro-opto-electro-mechanical
systems (MEMS/MOEMS), often require the use of a microgripper as an end grasping
tool for assembly, handling/holding and manipulating micron-size objects such as, tiny
mechanical parts, electrical components, biological cells, bacterium, etc, without
damage or destruction. In such systems, a typical microgripper design consists of a
stationary actuator(s) and at least two movable jaws. The operating principle of
tweezing/grasping mechanism of the microgripper is based on the specific type of a
microactuation principle used in its design. The microactuator is an essential design
component of the microgripper that provides the required grasping actions of tweezing
jaws and generates the applied force so that the device operates as a gripper or
tweezers. Although various actuation methods have been reported in the literature [1-3],
the actuations based on electrostatic, thermoelectric, piezoelectric, and shape memory
alloy effects are more extensively studied for MEMS/MOEMS applications. In
electrostatic microactuators/grippers [4-7], high voltage (up to 250 V) is applied to the
electrodes located on gripping arms to generate an electrostatic force between the
oppositely charged electrodes to move the tweezing jaws. Unfortunately, the
electrostatic actuators produce relatively small force and displacement and require
higher driving voltages. To improve the dynamic performance of the electrostatic
actuators, a comb-type design [8-9] was used to reduce the driving voltage and to
increase or maintain the desired electrostatic force and tweezing displacement. Ideal

microgripper performance requires quasi-static motions to grasp and hold an object that
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may be inappropriate for the electrostatic actuators, which are more suitable for
generating vibrating motions. Electro-thermally driven actuators [10-17] are more
compact, can provide higher output force and larger displacements, but geometrically
are more complex in nature. Actuation motions are generated by application of an
electric potential to the conducting elastic material (usually metal) to produce Joule
heating (resistive heating) resulting in thermal expansion of the entire structure.
Therefore, a complex design and geometry is required to direct the thermal expansion
into the desired direction of motion by creating non-uniform resistive heating. Recently,
applications of shape-memory alloys (SMA) in combination with electro-thermal
actuation were extensively studied [18-23]. SMA materials such as NiTi, NiAl, FePb etc,
have significant advantages over metals, such as returning a predetermined shape with
substantial recovery force and providing larger deformations at relatively low
temperatures.

The successful development of a microgripper or microactuator as any miniature
functional component or MEMS/MOEMS devices, is based on the consideration of the
framework of the five interrelated fundamental components, which include area of
application, principle of actuation, structure design, material to be used, and the
fabrication method. These interrelated components create a complex paradigm as
shown in Figure 1. The area of application limits the choice of materials to be used,
which influences the choice of actuation principle, structure design and fabrication
technique, and determines the constraints on the proposed fabrication technology to
achieve the desired geometrical quality in terms of accuracy, precision and surface
quality. Modern silicon-based surface and bulk micromachining techniques are very

efficient for the fabrication of electro-statically and electro-thermally driven micro-
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grippers/actuators due to good line width control and high compatibility with CMOS
processing [1]. However, these technologies are not suitable for fabrication of metal,
piezoelectric and SMA-based micro-grippers/actuators, particularly, for the fabrication in
the range of hundreds of microns and are also expensive for small quantities and
prototype fabrication. Several different non-silicon-based micromachining processes,
such as, sputtering [24] and sol-gel methods [25], were developed for piezoelectric
microstructures fabrication and for deposition of thin films of piezoelectric materials.
Also, thicker piezoelectric microstructures fabricated by the slurry casting methods and
up to several hundreds of micrometers with lateral dimension control of tens of
micrometers were reported [26,27]. On the other hand, the ultra-precision laser
fabrication technology can be a cost-effective alternative due to its unique ability to
machine a wide range of the light absorbing materials and to fabrication precision
miniature parts with complex 2D/3D geometries [11 ,17,28-30).

This paper presents the design, fabrication and performance testing of a new and
innovative structure to act as a microgripper for MEMS/MOEMS, microrobotics, and
microassembly applications. In the first part, the overall design, design of the individual
actuation unit, challenges in high-precision laser microfabrication and solution methods
are discussed. Later, results of the geometry evaluation, dynamic and comparative

performance testing of copper and nickel-based prototype microgrippers are presented.

2. DESIGN

Figure 2 illustrates the conceptual design of the microgripper. This is a monolithic

structure which does not require post-machining assembly. The design is based on a
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multi-cascaded approach [16,17] and consists of a pair of identical cascaded actuation
structures (microactuators) oriented in a face-to-face direction to act as microtweezers.
Tweeze jaws are supported by vertical levers with fixed ends (anchor 2) to hold the
object. Each microactuator consists of five actuation units joined horizontally in a
consecutive order to build the cascaded structure and is supported by a fixed pillar
(anchors 1 and 3) on the outer side. The actuation principle is based on the electro-
thermal effect. On application of electrical potential, the conductive structure of the
microgripper produces Joule heating and thermal expansion of all the design elements
and eventually the entire structure. Actuation units expand with respect to the
supporting pillars because of significant differences in the geometrical parameters, such
as width and length, and therefore the electric resistance. Proposed design has
advantages over other actuator and microgripper designs [11-15, 18-23] due to
cumulative effect in generating output displacement and force. Each actuation unit
generates individual displacement and force that accumulated further by cascaded
structures of the microactuator. This advantage allows optimization of required output
displacement and force by adjusting a number of actuation units and parallel cascades.
A schematic diagram of the basic actuation unit is shown in Figure 3. It consists
of a geometrical combination of a constrainer and two semi-circular-shaped actuation
beams. The key function of the actuation unit design is to direct the primary thermal
expansion in the desired direction. In the present case, horizontal motions are generated
as a result of non-uniform resistive heating. Since the thin, long actuation beam
dimensions are 25 ym x 25 um (width to thickness) in cross-section, they have higher
electrical resistance per length unit and heat up more than the wider constrainer with

cross-section of 50 ym x 25 um and relatively lower electrical resistance per length unit.
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As a result, the actuation beam expands much more than the constrainer during the
electro-thermal heating stage. When the actuation unit is electrically heated, actuation
beams tend to expand in all directions evenly. However, the constrainer expands less
than the actuation beams because there is no current flow through the constrainer due
to no difference of electric potentials between ends of the constrainer. The thermal
expansion of the constrainer is caused by only heat propagation from actuation beams
due to symmetrical structure of the actuation unit. This limits the expansion of the
actuation unit in the vertical direction and directs the primary displacements in the
desired horizontal direction, as illustrated in Figure 3.

Figure 4 shows the final geometrical design of the microgripper with overall
dimensions of 1.4 (L) x 2.8 (W) mm. The complexity of the design involves a
combination of design elements with high dimensional aspect ratios between the
individual elements and the overall dimensions. For example, a minimal dimension in
the microgripper design is 25 um width of the actuation beam compared to the 2.8 mm
width of the entire microgripper for a dimensional aspect ratio of 1:112. This design
complexity poses key challenges for laser microfabrication of the entire microgripper,

which will be discussed in section 4.

3. LASER MICROMACHINING SYSTEM

Figure 5 shows the schematic of the laser micromachining system, which was
used for microfabrication of the microgripper prototypes. The system was equipped with
a Q-switched diode pumped solid state Nd:YVQ,4 laser with an appropriate beam

delivery system and a three-axis CNC-based motion control system. The laser operates
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at a wavelength of 1064 nm with pulse-to-pulse energy stability of less than 1% rms for
linear polarization in the TEMgy mode. An in-house designed beam delivery system,
composed of a combination of beam expander and focusing objective, was used to
focus the laser beam on to the workpiece surface. The motion system consisted of a
granite base fitted with precision translation stages for X and Y movements with a rated
positioning accuracy in the order of 0.5 ym in the X and Y axis. Both the laser and the
motion system were controlled and synchronized in time and space using an in-house
developed software, which enabled the set up of the process parameters and desired
toolpath geometry to achieve required accuracy and precision. Thin foils of copper and
nickel with thickness of 25 yum and 12.5 um respectively were used for the fabrication of
microgripper prototypes. A vacuum fixture, located on the top of the XY translation
stage, equipped with a fine control valve, was designed and used to hold the foil flat and
precisely at the focal point of the laser beam. The fixture was also helped to remove
any surface distortions, striations or unevenness while loading. An optical microscope
“Olympus” (model PMG3) and VisionGauge® software were used to measure the
geometry of the fabricated prototypes within an accuracy of 0.1 ym. All the laser
energy/power measurements were carried out using a calibrated laser power meter

(model: TMP-300 from Gentec Inc).

4, CHALLENGES IN LASER MICROFABRICATION

During the direct-write laser machining process, laser pulses were applied
according to the prescribed toolpath trajectory for material removal. A single laser pulse

creates a crater (dent) on the surface removing a certain quantity of material from the
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workpiece, where the feature characteristics, geometry and the volume of material
removed depend on the material properties and the laser parameters [28-32]. The final
geometry of the laser-machined part is a result of a sequence of craters conformed in
accordance with the predetermined tool path into the workpiece surface. However,
laser-machining experiments indicate that the geometry and surface profile of the
machined part are not the only defining toolpath parameters but the process is also
influenced by the dynamic processes associated within the entire laser machining
system and with laser-material interactions. For example:
a) dynamics of the motion control system, particularly, overshooting and
acceleration/deceleration of the stages form uneven feed motions during material
removal affecting the synchronization with respect to the individual laser beam
impulses [17,33,34],
b) dynamic and kinematic disturbances within the entire motion system that cause
positional and contour errors in the actual toolpath trajectory and therefore form
geometric errors and inaccuracies within the final machined parts [35],
c) dynamic variations within the laser beam parameters, such as, pulse energy,
duration, jitter etc., during the laser-material interactions causing changes in the
machined surface profile [36,37].
Therefore, only a proper combination and synchronization of motions and laser pulses in
time and space supported by optimal processing parameters provides desired geometric
accuracy, precision and surface quality [38].

Figure 6 summarizes the challenges in the laser microfabrication of the prototype
microgripper with respect to the desired geometry. Two major fabrication issues were

resolved: a) the over/undercuts and b) asynchronization of the laser on/off events,
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desired geometry and actual motions. The source of over/undercutting is the dynamic
(also known as contour or following) errors due to poor dynamic performance of the
motion system in agile situations. The design of the microgripper involves a significant
number of the angular and corner elements, and therefore high-precision feature
machining requires a sequential combination of short-distance and long-distance agile
movements at a constant speed. In this situation, the inertia of relatively heavy XY
translation table creates significant dynamic positioning errors especially in the locations
where it is necessary to change direction of motions abruptly, (e.g. corners). In order to
achieve higher level of accuracy and precision of the fabricated prototypes, it was
necessary to take into account these dynamic errors because sometimes the error
magnitudes reached dimensions equivalent to the local design elements (ex. actuation
beam width). The solution from conventional machining (e.g. in milling operation, while
a cutting tool rotates, stop motions at a certain point, change direction, and continue
movement), is not suitable during high-precision laser machining, simply because the
laser will continue to fire pulses causing unnecessary material removal and additional
heating of the workpiece. In general, during laser processing, cavities at the start and at
the end points of motions have been reported due to the acceleration and deceleration
of motions [17,33,34]. During these time segments, consecutive laser pulses were
located very close to each other, and therefore the workpiece material absorbs more
laser energy per square unit, resulting in large amount of material removal. This is
because lack of synchronization between the motion and laser pulses to provide a
constant overlap between each of the consecutive pulses. Also, the accuracy of corners
was highly dependent on the proper synchronization of motions with respect to part

geometry. Conventional CAD/CAM systems do not provide advanced options to correct
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this issue. In the present experiments, proper use of blending options for a given motion
controller with respect to dynamics of motion was utilized in order to obtain the desired
corner accuracy.

The second issue deals with the asynchronization of the laser-on/off events and
individual motions, when motion control turns laser on/off before or after the desired
position. Some motion controllers offer advanced features, such as a “look-and-
calculate ahead”" feature. However, an improper use of this feature could cause
asynchronization of laser-on/off events and motions in space and time with respect to
the desired geometry leading to errors in the tool path trajectory and final part geometry.
As shown in Figure 6, in case of asynchronization, the laser is turned on ahead of the
desired time and space location resulting in wrong and incorrect cutting. Proper
programming of the toolpath trajectory and the use of the blending options to
delay/advance execution of consecutive laser on/off events until the motion was
completed resolved this situation. In addition, the laser by itself is an inertial opto-
mechatronic system including a method to turn it on/off, e.g. by using an electro-
mechanical relay, which requires on/off switching time that could also be considered
during high precision machining.

Process parameters, such as, a pulse energy, feed rate and pulse repetition rate,

were optimized as described elsewhere [30,34].

5. GEOMETRY EVALUATION

Figure 7 shows the nickel-based microgripper prototype fabricated by direct-

writing laser micromachining technique. Table 1 summarizes the dimensional accuracy
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of the fabricated prototypes in terms of desired/machined dimensions and
absolute/relative accuracy (error). Also, all dimensions presented in Table 1 were
classified by a specific type of machining operation such as (a) a single cut, (b) a set of
consecutive cuts, and (c) a set of non-consecutive cuts. A single cut is a motion within
laser on-off time period. A set of consecutive cuts is a combination of consecutive
motions that do not involve agile change of motion directions between laser on/off
events. A set of non-consecutive cuts is a combination of several single cuts with
distinctive directions of motions. The highest accuracy and precision have been
achieved in the length dimensions of the constrainer (150.0 um), the width of the
tweezing jaw (50.0 um), the distance between vertical levers (200.0 um) etc, which
were formed using single cut and consecutive cuts. In these cases, motions were
smooth with relatively constant actual velocity and do not have sharp corners and agile
movements, and therefore motion system kept the dynamic contour error within the
required tolerances. Contrarily, dimensions created by a set of non-consecutive cuts,
such as, the width of the constrainer (50 ym), the outer diameter of the actuation unit
(200 um), the width of the actuation beam between two adjoining actuation units (25.7
um) were not sufficiently accurate as mentioned before. Although, achieving highest
accuracy and precision was never been the objective of this study, some dimensions of
the fabricated prototypes were machined within sub-micron accuracy, for example, the
width of the tweezing jaws and the length of the constrainer represents feature accuracy
of 0.5 ym and 0.1 um respectively, mainly due to high positional accuracy of the motion
system, proper synchronization of motions, laser on/off events and the desired
geometry. Note that the outer diameter of the actuation unit (200 ym), the length of the

five actuation units (875 ym) and the total length of all actuation units and jaws (2150
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um), are a combination of several local design elements, and have relatively large
geometric deviations, e.g., 6.0 um, 4.7 um, and 11.9 um, respectively. The source of
these deviations is the accumulation of dynamic and positional errors during machining

of several local design elements.

6. PERFORMANCE TESTING

The performance testing of the microgripper prototypes was carried out using an
optical microscope (“Mitutoyo” model 400) and VisionGauge® software. The
microgripper was placed under the microscope and DC voltage was applied several
times between the anchors. The time-space motions of the microgripper were video
recorded on-line and tweezing distances were measured from the recorded images.

Figure 8 shows the typical performance of two microgripper prototypes as a
function of tweezing distance in time with respect to the applied voltage and current.
Approximately ten tweezing movements were recorded and measured for each of
applied current setting. = Complete dynamic performance of the nickel-based
microgripper was analyzed at six different current levels {0.32 A, 0.39 A, 0.52 A, 0.60 A,
0.74 A, 0.84 A} with corresponded voltages of {1.60V, 1.63V, 1.70V, 1.80V, 1.90V,
2.0V}. Copper-based micro-gripper prototype requires significantly higher electric power
and current due to higher electro-conductivity and therefore was tested at five different
current levels of {1.63A, 2.05A, 2.65A, 3.1A, 3.4A} with corresponded voltages of
{0.70V, 0.78V, 1.10V, 1.51V, 1.59V}. Figure 9 illustrates tweezing motions of the nickel-
based and copper-based prototypes before (Figure 9a) and after (Figure 9b) actuation.

The nickel-based microgripper was actuated with 1.9 V, 0.84 A, achieving a tweezing
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displacement of 32.6 um. Contrarily, the copper-based microgripper was actuated with
1.5 V, 3.4 A, achieving a tweezing displacement of 15.3 um. More comprehensive
results of all performance test experiments are illustrated in Figure 10. It is obvious that
tweezing distance increases with the concomitant increase in the applied current until
the temperature of the actuation beam reaches its melting point. The maximum
tweezing displacement of 33.8 um and 17.2 ym was recorded for nickel-based and

copper-based microgrippers respectively.

7. SUMMARY and CONCLUSIONS

This work was completed in three logical and interrelated steps — from the conceptual
design to the fabrication and performance testing of the electro-thermally driven
microgrippers for micromanipulating and microhandling operations in MEMS, biological,
medical, chemical and electro-opto-mechanical applications. In the first part, overall
design and the design of the actuation unit were developed and discussed in details. As
a case study, two microgrippers - copper-based and nickel-based prototypes with overall
dimension of 1.4 (L) x 2.8 (W) mm were fabricated using a high-precision laser-material
removal process. During fabrication, several technical challenges were addressed in
order to achieve desired geometrical accuracy and precision. The solution methods
allowed fabrication accuracy of several local dimensions with less than one micrometer.
The dynamic performance of the fabricated prototypes was studied and compared in
terms of achieving maximum tweezing displacement under similar control parameters
(ex. voltage and current). The microgrippers exhibited tweezing displacements from 0.8

um to 32.6 ym for an applied current variation from 0.32 A to 0.84 A for nickel-based
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prototype and tweezing displacements from 3.1 ym to 17.2 um for copper-based

prototype for applied current variation from 1.6 A to 3.4 A. Following conclusions can be

drawn from these studies:

1.

Design and performance of the individual actuation unit is a key component in the
overall performance of the microgripper. A combination of the two thin semi-
circular-shaped actuation beams and a wider constrainer between them allowed
direct thermal expansion in the desired horizontal direction through non-uniform
resistive heating.

Complexity in the microgripper design as a combination of the design elements
with high dimensional aspect ratios between them lead to agile non-consecutive
motions of the XY translational stages during laser fabrication. Therefore, motion
system alters its dynamic accuracy due to high inertial forces, and dynamic errors
become as comparable to some of the desired feature dimensions. These agile
non-consecutive motions were taken into account during toolpath trajectory
planning that enabled overall relative accuracy less than 1% for majority of
machined dimensions.

Synchronization of motions and laser-on/off events in space and time with
respect to the desired toolpath trajectory plays a key role in dynamic performance
of the entire laser microfabrication process. Therefore, in order to achieve
geometrical accuracy and precision less than one micrometer, it is necessary to
modify toolpath trajectory with respect to the dynamics of motions while
considering the thermodynamics of the laser-material interactions.

The nickel-based microgripper prototype has successfully demonstrated the

ability to produce higher tweezing displacements (up to 32.6 ym) and higher
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displacement-current gradient (up to 34.29 um/A) with lower applied current (0.84
A) compared to the copper-based microgripper and a typical response time was
200 ms at 1.6 W electrical driving power.

5. The developed microgripper prototypes provide an inexpensive, compact solution
for micromanipulating and microhandling operations in biological, medical,

chemical and electro-opto-mechanical applications.
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Table 1. Geometry evaluation

Desired Machined Absolute Relative Type
dimension, | dimensions, | accuracy, accuracy, of
um um um % operation
25.7 27 1 1.4 5.45 non-consecutive cuts
50.0 47.9 2.1 4.20 non-consecutive cuts
50.0 52.7 2.7 5.40 non-consecutive cuts
50.0 49.5 0.5 1.00 consecutive cuts
100.0 97.4 2.6 2.60 consecutive cuts
150.0 149.9 0.1 0.07 single cut
200.0 206.0 6.0 3.00 non-consecutive cuts
200.0 201.2 1.2 0.60 consecutive cuts
525.0 528.5 3.5 0.67 consecutive cuts
850.0 849.4 0.6 0.07 consecutive cuts
875.0 878.2 3.2 0.37 consecutive cuts
875.0 879.7 4.7 0.54 consecutive cuts
2150.0 2161.9 11.9 0.55 consecutive cuts
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Figure 1. Paradigm of the micro-gripper development framework.
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Figure 3. Schematic diagram of the basic actuation unit.
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Figure. 6. Challenges in laser microfabrication of the microgripper prototype.
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Figure 7. Fabricated nickel-based microgripper prototype (dimensions in um).
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Figure 8. Typical performance test results of the nickel-based and copper-based

microgripper prototypes.
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Figure 9. Actual motions of the copper-based and nickel-based microgripper prototypes.
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Figure 10. Comparison of performances of copper-based and nickel-based microgripper

prototypes.
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