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manipulator
Combining Design Principles, a mature design philosophy for creating precision machines,
and MEMS fabrication, a technology for miniaturization, could lead to micro systems with
deterministic behavior and accurate positioning capability. However, in MEMS design tradeoffs need to be made between fabrication complexity and design principle requirements.
Here a micro-mechatronic design of a Stewart Platform, a six Degrees-of-Freedom MEMSbased Precision Manipulator, is presented.

• Dannis Brouwer and Herman Soemers •
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In the future, the precision manipulation of small objects
will become more and more important for appliances such
as (probe-based) data storage, micro assembly, sample
manipulation in microscopes, cell manipulation, nano
indenting, manipulation of optical beam paths by micro mirrors and manipulation of E-beam paths by phase plates. At
the same time, there is a drive towards miniaturized systems. An example can be found in the manipulation of samples in a transmission electron microscope (TEM). The relatively large dimensions of ‘conventional’ TEM sample
manipulators result in typical drawbacks such as thermal
drift and compromised dynamics. Especially the requested
stability of 0.1 nm/min requires a new manipulator concept.

Miniaturization creates the opportunity to fix the manipulator directly to the column which guides the electron beam,
isolating external thermal and vibration noise. Secondly
miniaturizing the manipulator generally results in enhanced
stability because of increased natural frequencies, decreased
thermal drift and in small thermal time constants of the
manipulator. Potential solutions for miniaturizing can be
found in Micro Electro Mechanical Systems (MEMS).
MEMS devices comprise micro sensors, actuators, mechanisms, optics and fluidic systems. They have the ability to
integrate several functions in a small package. Precision
manipulation in MEMS seems sparse however. E. Sarajlic
has fabricated a 2-DoFs MEMS-based manipulator for data
storage purposes for example, as shown in Figure 1.
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Figure 1. SEM pictures of MEMS devices (both fabricated by E. Sarajlic).
(a) 2-DoFs stacked MEMS-based manipulator (material is grey).
(b) Detail of the comb-drive electrostatic actuator and the leaf-spring suspension (often called folded flexure).

Specifications
The specifications of the manipulator are based on a next
generation TEM sample manipulator. First, the manipulator
has to operate in an ultra high vacuum (10-8 - 10-9 Torr) and
should not interfere with the E-beam. The maximum displacement should be enough to examine a sample. A semiconductor sample is typically 20 x 10 x 0.2 μm3. Therefore,
the x- and y-strokes of the manipulator should be about
20 μm. For the focusing of the electron beam, the z-stroke
should be about 20 μm also. Once an area of interest is
found on the sample, the TEM sample manipulator should
be able to find this area again with a translational repeatability of about 10 nm. Extremely fine positioning is possible by manipulating the E-beam itself. The MEMS-based
manipulator will be used for small correction angles up to
several degrees only. The rotational repeatability needs to
be better than 0.05°.
Some TEMs can be used in a scanning TEM (STEM)
mode, where the beam can be scanned across the sample to
form the image. Taking a picture in the STEM mode can
take up to half a minute. This fact, combined with the possible image resolution of 0.08 nm, results in an extreme

Nr.2

2008



stability requirement of 0.1 nm/min for the sample with
respect to the E-beam. This stability should be reached
within 10 s after the manipulation of the sample. Because
of the high resolution capability of the TEM, sound and the
vibrating surroundings cause the TEM column to vibrate,
which could lead to blurred images. Therefore, the sample
needs to be fixed dynamically stable to the TEM column.
Therefore, a next generation manipulator requires a lowest
vibration mode frequency of more than 1 kHz. A summary
of the specifications is given in Table 1.
Table 1. Specifications for a next generation TEM sample
manipulator.
Property
Stroke x, y, z

Value
20 μm

Repeatability x, y, z

10 nm

Rotational stroke (any 2 DoFs)

3°

Rotational repeatability

0.05°

Stability (within 10 s)

0.1 nm/min

First vibration mode frequency

> 1 kHz

MEMS-based Mechatronic System Design

Motion in-plane and out-of-plane of the wafer

There are some important differences between a
mechatronic design in MEMS and in the macro scale
world. In MEMS:
• The influence of the fabrication technology on the
design is large.
• Fabrication technology is often based on planar
processes.
• The influence of the actuator choice is great.
• Sensing is relatively inaccurate.
• The repeatability of compliant mechanisms in Si-based
technology is extremely high.

6-DoFs positioning requires both in-plane and out-of-plane
motion. Basically there are two options for 6-DoFs motion
generation:
• Combination of in-plane and out-of-plane actuators in
one system.
• Use of a mechanism to convert in-plane to out-of-plane
motion or vice versa.

Design Basics: Design principles and bulk
micro machining fabrication technology
The design principles for precision mechanisms
[1,2,3,4,5,6,7] are a design philosophy enabling or enhancing accurate maneuvering and positioning. The design principles which are especially relevant in the MEMS-based
6-DoFs manipulator design are:
• Determinism, promotes the use of compliant mechanisms (no friction, no wear, low hysteresis, no play).
• Exact kinematic constraint design.
• Symmetry.
Roughly MEMS fabrication can be subdivided into ‘bulk
micro machining’ based processes [8] and ‘surface micromachining’ based processes. Surface micro machining is
basically deposition and removal of relatively thin layers of
material on a wafer. In bulk micro machining processes the
wafer itself is etched resulting in high (out-of-wafer-plane)
structures. High aspect-ratio structures, such as leaf-springs
of 35-40 μm high and 2 μm thick, can be made by Deep
Reactive Ion Etching (DRIE). High leaf-springs are necessary for increasing the out-of-wafer-plane stiffness of the
relatively large MEMS devices. Electrical wiring in bulk
micro machined devices can be done by so called trench
isolation [9]. A wall of insulation material divides the silicon, resulting in isolated electrical parts. Figure 1 shows an
example of trench isolation.
The derived concept is based on the design principles in
combination with mainly bulk micro machining processes.

Usually the technology to fabricate in-plane actuators differs from the technology to fabricate out-of-plane actuators.
Therefore, a combination between the two is a rarity.
Although it is easier to fabricate six actuators of the same
type than three in-plane and three out-of-plane actuators,
the mechanism needed to convert motion usually also
requires special additional process steps. The combination
of a motion converting mechanism with one type of actuator will be developed.

Actuation principle in MEMS
MEMS-based magnetic actuators have a low energy density. Piezo (PZT) actuators are difficult to integrate in
MEMS technology or need assembly. Thermal actuators
can have an energy density comparable to electrostatic
actuators. However, to fabricate uni-morph and multimorph actuators thin film technology is required which
conflicts with integration into a bulk micro-machined system. Simple extenders have a limited stroke and require
strong stroke amplification. In general, thermal actuators
lack thermal stability, causing position uncertainty at nano
manipulation.
Regarding the necessary stroke and force of the manipulat
or a lateral comb-drive electrostatic actuator, as shown in
Figure 1b, would suffice. This type of actuator integrates
well into bulk micro machining. Comb-drives are linear
motors that utilize electrostatic forces that act between two
conductor combs. In a lateral comb-drive actuator the fingers are typically arranged in such a way that they can
slide past one another until each finger occupies the slot in
the opposite comb. One comb is fixed and the other one is
connected to a suspension with compliance in the longitudinal direction of the fingers. Applying a voltage difference
between the comb structures will result in a movement by
electrostatic forces in the finger direction. Six electrostatic
comb-drives will be used for actuation. The problem of the
interaction of the E-beam with electrostatic actuators can
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be overcome by either blocking the actuators with a clamp
or by shielding. The typical electrostatic force per finger
pair at 60 V is 0.5 μN.
In general the actuators used in MEMS exhibit low work
density compared to the energy storage in elastic elements.
Consequently, the actuators in MEMS are relatively large
and the elastic elements are generally long and slender.

Serial versus parallel kinematic mechanism
A distinction can be made between two main basic concepts with regard to the mechanism. One type is serial, the
other is parallel. In a serial mechanism, there is one kine
matic chain of links and joints between the end-effector
and base. A typical example of a serial manipulator is the
classic assembly robot as often used in the automotive
industry. In a parallel mechanism, multiple independent
kinematic chains exist parallel to each other between the
end-effector and the base. An example of a parallel 6-DoFs
mechanism is a Stewart platform, which is often used in
flight-simulators.
In MEMS a parallel mechanism can be used to convert
motion from in-plane to out-of-plane. The high vibration
mode frequencies in this case are convenient in the TEM
application for a good coupling between the TEM column
and the sample. A large advantage of a parallel set-up,
especially in MEMS, is that the actuators are stationary.
This makes routing of the electrical connections, generally
difficult in MEMS, to the actuators (and sensors) easy.

Two specifications with respect to positioning need to be
distinguished: the positional repeatability and the stability.
The repeatability specified at 10 nm is the uncertainty at
which the manipulator can reproduce a position each time.
The stability of 0.1 nm specifies how well the position is
kept constant relative to the electron beam over a certain
amount of time, in this case 1 min.

The Kinematic Concept

Precision macro systems often rely on feedback for accurate position information. Measuring on the micro scale is
less trivial. In general, measuring with an uncertainty less
than 10 nm over a range of 20 μm at a sensing bandwidth
of 10-100 Hz in MEMS is far from straightforward. In the
TEM manipulator application there is no unknown external
disturbance force loading the manipulator except for forces
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Passive mechanical stability of the manipulator means that
the manipulator depends on material properties to counteract position deterioration due to temperature fluctuations
and vibrations. There are several reasons why the passive
stability can be enhanced by unpowered blocking of the
manipulator using a clamping mechanism once it has
reached its targeted position:
• Cross-talk between the electron beam of the TEM and
electric or magnetic fields from the actuators of the
manipulator affects the stability of the E-beam and the
manipulator. Clamping (of course without generating
electric or magnetic fields) decreases this cross-talk.
• By using a clamping mechanism, the manipulator can
be switched between compliant actuation modes for
positioning, and high frequent vibration modes during
imaging.
In the final design a mechanical clamp with a locking
device is integrated.
Three different total concepts of combined fabrication and
mechatronic design have been regarded. The most feasible
will be explained.

Position control
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due to external vibrations. In addition, MEMS, especially
silicon, is known for its low hysteresis, due to the monolithic and often single crystal mechanical structure. Combined with a fully compliant, no-friction mechanism the
repeatability and stability of the system without feedback,
only using feed-forward, can be excellent. However,
because of manufacturing uncertainty the mechanism needs
to be calibrated in a 6-DoFs set-up. In applications where
substantial external forces exist, such as micro assembly,
capacitive sensors coupled to the actuators are probably a
necessity to achieve sub-micron repeatability.



The manipulator, which is schematically shown in Figure
2, has a flat base over which three intermediate bodies can
move. Each intermediate body is actuated in two trans
lational DoFs (x and y in Figure 2) and constrained in the
other four DoFs (z, Rx, Ry and Rz). The ball joint connecting the intermediate body with the triangle releases three
DoFs. The triangle has two actuated, three free and one
constrained DoFs therefore. The hinge releases another
DoF. Therefore, the platform has two actuated and four
free DoFs by one leg as shown in Figure 2. Table 2 summarizes the DoFs per leg.

Table 2. The DoFs of the rigid bodies of one leg of the
manipulator.
Free

Actuated

Constrained

Intermediate
body

0

2

4

Triangle

3

2

1

Platform

4

2

0

Ball joint releases
three DoFs
Hinge releases
one DoF

The combination of three times two DoFs actuated per leg
results in the platform having six DoFs actuated. Each of
the individual DoFs of the platform is shown with the corresponding intermediate body xy-translations in Figure 3.

Figure 2. One of the three legs of the manipulator with the platform. The six DoFs of the platform, four free and two actuated,
are indicated by the six arrows.

The kinematic concept as implemented in the MEMSbased manipulator, shown in Figure 4, is almost equivalent
to the kinematic concept shown in Figure 2. Two Si-leafsprings, which are connected at the intermediate body,
leave one DoF compliant, the rotation around their intersection. The slanted leaf-spring releases three DoFs, which
can be regarded as three rotational DoFs, as shown in
Figure 4. The three compliant DoFs near the intermediate
body can be regarded as a ball joint, equivalent to the ball
joint in Figure 2. Although these three rotational compliant
DoFs are not orthogonal, they do act as an elastic ball joint,
because they do not coincide, are not parallel and intersect
close to each other. The compliant DoF near the platform
can be regarded as the hinge equivalent of Figure 2. The

Figure 3. Each of the independent six DoFs of the platform are
created by combinations of planar xy-displacements of the three
intermediate bodies.

combination of three times two DoFs actuated per leg
results in the platform having six DoFs actuated (Figure 5).
To give an impression of the dimensions: the overall size is
4.9 x 5.2 mm2. The platform is elevated 460 μm above the
comb-drives, folded flexures and Si-leaf-springs. Because
of anisotropic etching along crystal planes of the silicon,
which is used for obtaining the slanted leaf-springs, a 90°
angle between the slanted leaf-springs results.
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[10]. KOH etches silicon along <111> crystal planes. The
shape of the slanted leaf-springs is structured by evaporation of aluminum through a shadow mask and subsequently
etching the leaf-springs. The comb-drives are etched by
DRIE. The pyramid inside is etched by Reactive Ion Etching leaving the leaf-springs.

Figure 4. The six DoFs (two actuated and four compliant) of
the platform defined by one leg. The slanted leaf-spring releases
three DoFs. The intersection of the Si-leaf-springs releases one
DoF. The three compliant DoFs near the intermediate body can
be regarded as a ball joint, equivalent to the ball joint in Figure
2. The compliant DoF near the platform can be regarded as the
hinge equivalent of Figure 2.
Figure 6. Brief overview of the fabrication of the 6-DoFs MEMSbased precision manipulator. Top figure shows a cross-section
of the manipulator after KOH etching. Bottom figure shows the
cross-section of the manipulator after the total processing.

Modeling the manipulator
Based on dimensions of the elastic elements, the folded
flexures, the slanted leaf-springs and the Si-leaf-springs, the
manipulator is modeled. An estimation of the actuation
force and stroke can be made using a software package
called SPACAR. SPACAR considers elastic elements as
multi-body-like finite elements, which considerably reduces
the number of elements, which makes the analysis fast and
effective [11]. The typical relatively large deformations of
elastic hinges in MEMS result in relatively large displacements and large rigid body rotations. Geometrically nonlinear elasticity theory is a necessity for accurate analysis.

Figure 5. The MEMS-based 6-DoFs manipulator design. For
viewing purposes a section has been cut away.

Fabrication process design
Five lithographic mask transfer steps are used in the total
of 126 process steps. The concept is based on etching a 460
μm high pyramid in a 500 μm thick wafer, on which slanted leaf-springs of Silicon-rich-Nitride (SiRN) are deposited
as shown in Figure 6. The pyramid is subsequently etched
away leaving the slanted leaf-springs. A pyramid with flat
sides can be etched by KOH using compensation structures
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To reach the specified translations in all directions and
small correctional rotations at the same time, the actuators
need displacements of about 50 μm in two directions. This
actuator stroke is rather large, which is due to the parallel
kinematic manipulator set-up. The ‘individual platform displacements’ are about five times larger than the ‘combined
platform displacements’, with the same actuator strokes.

Therefore, in a first fabrication design of the manipulator
the displacements of the comb-drives are limited to reduce
risk. At a stroke of 20 μm the most demanding actuator
needs to deliver 275 μN. For MEMS this calculated force
is rather large. In comparison to slanted and Si-leafsprings, the folded flexures are relatively stiff in the actuation direction consuming 80 to 100% of the actuator force.
This is partly a consequence of the necessity to have a high
z-stiffness of the platform and the large force leverage by
the Si-leaf-springs from the platform to the folded flexures.
The lowest vibration mode frequencies and the accompanying vibration modes have been calculated. Figure 7 shows
the first vibration mode with blocked actuators. The first
three vibration mode frequencies with blocked actuators
are calculated to be 3.8 to 4.4 kHz with accompanying
motions of the platform mainly in the z-direction. The
vibration modes are mainly caused by the out-of-plane of
the wafer bending of the Si-leaf-springs. However, the
fourth vibration mode, with a much higher frequency of
18.2 kHz, is not caused by out-of-plane bending of the Sileaf-springs. Therefore, if the out-of-plane bending stiffness of the Si-leaf-springs could be increased, the first
three vibration mode frequencies would be increased considerably. This is caused by the limited height (35 μm) to
thickness (3 μm) ratio of the Si-leaf-springs due to DRIE
fabrication. A compromise had to be made between the
preferably compliant and thus low-frequency unblocked
actuation modes and the preferably high-frequent blocked
actuator modes. This is essentially a trade-off between the
necessary actuator force for displacing the platform and the
first vibration mode frequency.
The stiffness of leaf-springs changes when deflected.
Therefore, the vibration mode frequencies of the platform
are expected to change when the platform is deflected as
well. The frequency change of the mode is largest for a
displacement in the z-direction. However, the change is
only 3% at a z-displacement of 20 μm and is therefore not
significant.
The stress by internal forces due to deflection is low. In
general, this is the case if relatively low force actuators
(comb-drives) are used in a compliant mechanism. The
buckling load is the lowest in the x-direction on the platform, i.e. 0.21 mN. Stress caused by internal or external
causes is not the failure mechanism for the manipulator,
buckling is. This is the consequence of the long slender

leaf-springs necessary to make the mechanism compliant
enough for the low-force actuators to result in the required
strokes. To prevent stress concentrations due to notches,
which are critical in single crystal material, all corners are
rounded.
There are several sources causing thermal noise in the
manipulator: the electron beam, sources attached to the
TEM column, and thermo-mechanical noise. No significant
heating is caused by the electrostatic comb-drive actuators.
Due to the interaction of the electrons with the sample,
electrons lose about 0.02% of their energy. The electron
beam heats the sample with about 20 nW. In a steady state
of heat flow the maximum temperature difference between
the sample and the platform will be 2.5 mK. The largest
position change of the manipulator of 0.66 pm arises due to
a 0.42 mK temperature increase of the slanted leaf-springs.
The largest time constant of 1.9 s is small, which results in
a fast adjustment of the sample and manipulator temperature to the TEM column temperature.
Thermo-mechanical noise is caused by the jiggles and jitters of matter having a finite temperature. Therefore, temperature is principally causing motion. Although a system
might be in thermal equilibrium, the velocities of the mole
cules assume a huge range of values, but are not arbitrarily
distributed. This thermal agitation of particles causes
white noise and is called thermo-mechanical noise. At the
micron scale the stiffness of a system can become so small
that the small force fluctuation causes significant movement of the system. In AFM microscopes and in MEMSbased accelerometers this noise can be significant. However, because the stiffness of the platform is relatively
high, the thermo-mechanical noise has no significant influence on the positional stability of the platform.

Conclusion and results
A design has been presented for a 6-DoFs MEMS-based
precision manipulator. The necessary combination of inplane and out-of-plane motion of the wafer in MEMS is
rather new. The specifications for a precision manipulator
require high-frequency vibration modes combined with
compliant actuation modes. The compliant actuation modes
are necessary to generate sufficient displacement of +/- 10
μm by the low force MEMS actuators. Therefore, the
design principles, especially exact kinematic constraint
design, have been applied as much as possible. However,
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trade-offs had to be made between what is required from
an exact kinematic constraint design point of view and
what is feasible with the available fabrication processes.
Although the design incorporates relatively long and slender leaf-springs, the first vibration mode frequency is 3.8

kHz (with blocked actuators). However, the cleanroom fa
brication of the total manipulator required more time than
available during the project. Therefore, only several fabrication steps of the manipulator design have been tested.

Figure 7. The first vibration mode with blocked actuators at 3.8 kHz. The platform mainly moves in the z-direction. The dimensions
shown are used for viewing purposes only, they are not the real dimensions.
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The overall conclusion on MEMS-based micro-mechatronic design is twofold:
• Precision design in MEMS is a synthesis of the fabrication process design and exact kinematic constraint
design, requiring trade-offs.
• In MEMS-based precision design exact kinematic constraint design is a necessity to obtain both a high actuation compliance and high vibration mode frequencies of
the suspension modes.
The research and manufacturing of a MEMS-based multiDoFs precision manipulator with integrated feedback will
be continued in a new Point-One project called CLEMPS
(Closed-Loop Embedded MEMS-based Precision Stage),
which is currently conducted by the University of Twente,
DEMCON and FEI Company.
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