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In this paper a design is presented for a precision MEMS-based six degrees-of-freedom (DOFs) manip-
ulator. The purpose of the manipulator is to position a small sample (10 �m × 20 �m × 0.2 �m) in a
transmission electron microscope. A parallel kinematic mechanism with slanted leaf-springs is used to
convert the motion of six in-plane electrostatic comb-drives into six DOFs at the end-effector. The manip-
ulator design is based on the principles of exact constraint design, resulting in a high actuation compliance
(flexibility) combined with a relatively high suspension stiffness. However, due to fabrication limitations
overconstrained design has been applied to increase the stiffness in the out-of-plane direction. The result
is a relatively large manipulator stroke of 20 �m in all directions combined with a high first vibration
mode frequency of 3.8 kHz in relation to the used area of 4.9 mm × 5.2 mm. The motion of the manipula-
tor is guided by elastic elements to avoid backlash, friction, hysteresis and wear, resulting in nanometer
resolution position control. The fabrication of the slanted leaf-springs is based on the deposition of sili-
icro-systems technology
ST

ompliant mechanisms
lastic mechanism
lexure mechanisms

con nitride (SixNy) on a silicon pyramid, which in turn is obtained by selective crystal plane etching by
potassium hydroxide (KOH). The design has been analyzed and optimized with a multibody program
using flexible beam theory. A previously developed flexible beam element has been used for modeling
the typical relatively large deflections and the resulting position-dependent behavior of compliant mech-
anisms in MEMS. The multibody modeling has been verified by FEM modeling. Presently only parts of the
manipulator have been fabricated. Therefore, a scaled-up version of the manipulator has been fabricated

ata an
to obtain experimental d

. Introduction

In the future, the precision manipulation of small objects
ill become more and more important for appliances such as

probe-based) data storage, micro-assembly, sample manipulation
n microscopes, cell manipulation, nano-indenting, manipulation
f optical beam paths by micro-mirrors and manipulation of elec-

ron beam paths by phase plates. At the same time, there is a drive
owards miniaturized systems. An example can be found in the

anipulation of samples in a transmission electron microscope
TEM). The relatively large dimensions of ‘conventional’ TEM sam-
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ple 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 col-
umn which guides the electron beam, isolating external thermal
and vibration noise. Secondly miniaturizing the manipulator gen-
erally 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.

Combining design principles, a mature design philosophy for
creating precision machines, and MEMS fabrication, a technology

for miniaturization, could lead to micro-systems with determinis-
tic behavior and accurate positioning capability. However, in MEMS
design trade-offs need to be made between fabrication complex-
ity and design principle requirements. A micro-mechatronic design
of a parallel kinematic six degrees-of-freedom MEMS-based preci-

http://www.sciencedirect.com/science/journal/01416359
http://www.elsevier.com/locate/precision
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ion manipulator is presented. Although presently only parts of the
abrication process have been tested [1], the conceptual manipula-
or design is verified by measurement data on a scaled-up version.
he research, design and fabrication of a multi-DOFs micro-stage
ill be continued.

. Requirements

The requirements of the manipulator are based on a next genera-
ion TEM sample manipulator. First, the manipulator has to operate
n an ultra high vacuum (10−8 to 10−9 mbar) and should not inter-
ere with the electron beam. The maximum displacement should
e enough to examine a sample. A semiconductor sample is typ-

cally 20 �m × 10 �m × 0.2 �m. Therefore, the x- and y-strokes of
he manipulator should be about 20 �m. For the focusing of the
lectron beam, the z-stroke should be about 20 �m also. Once an
rea of interest is found on the sample, the TEM sample manip-
lator should be able to find this area again with a translational
epeatability of about 10 nm. Extremely fine positioning is pos-
ible by manipulating the electron beam itself. The MEMS-based
anipulator will be used for small correction angles up to several

egrees only. The rotational repeatability needs to be better than
.05◦.

Some TEMs can be used in a scanning TEM (STEM) mode, where
he beam can be scanned across the sample to form the image.
aking a picture in the STEM mode can take up to half a minute.
his fact, combined with the possible image resolution of 0.08 nm,
esults in an extreme stability requirement of 0.1 nm/min for the
ample with respect to the electron beam. This stability should be
eached within 10 s after the manipulation of the sample. Because
f the high resolution capability of the TEM, sound and the vibrat-
ng surroundings cause the TEM column to vibrate, which could
ead to blurred images. Therefore, the sample needs to be fixed
ynamically stable to the TEM column. Therefore, a next genera-
ion manipulator requires a lowest vibration mode frequency of

ore than 1 kHz. A summary of the main specifications is given in
able 1.

. Background of multi-DOFs positioning in MEMS

To develop an idea of the state of the art of precision posi-
ioning in MEMS, a small survey is presented with respect to
xisting examples of multi-DOFs devices in MEMS. The MEMS-
ased manipulators are distinguished with respect to systems for
lanar positioning, systems for out-of-plane positioning and com-
inations of both. For positioning repeatability it is important that
he mechanism used in a manipulator does not have friction, play or
acklash [2–8]. Many solutions for multi-DOFs hinges offering large
reedom of movement show play and friction in the hinges [9–12].

his is a large drawback for precision applications and is therefore
ot regarded. Compliant mechanisms using elastic hinges gener-
lly do not suffer from friction, play and backlash and are far more
uited to precision manipulation. However, the displacements are
imited compared to the size of the mechanism.

able 1
pecifications for a next generation TEM sample manipulator.

Property Value

Stroke x, y, z 20 �m
Repeatability x, y, z 10 nm
Rotational stroke (any 2 DOFs) 3◦

Rotational repeatability 0.05◦

Stabilitya 0.1 nm/min
1st vibration mode frequency >1 kHz

a Value should be reached within 10 s after manipulation.
ineering 34 (2010) 307–319

3.1. In-plane positioning

A 2 DOFs planar manipulation platform is presented by Sarajlic
et al. [13]. The platform is actuated by electrostatic comb-drives.
The 2 DOFs of the planar manipulator are generated by a series
coupling of movements of about 20 �m in both directions. The
positioning resolution is limited by the resolution of the ampli-
fier. The system is fabricated by a bulk micro-machining process
in single crystal silicon. Etching in the bulk wafer is called bulk
micro-machining. In the case of a silicon wafer, it results in single
crystal silicon as a structural material. Bulk micro-machining allows
high aspect-ratio structures, for example leaf-springs with a thick-
ness of 2 �m and a height of 40 �m. Using comparable fabrication
technology, an example of a parallel 3 DOFs planar manipulator
has been fabricated by de Jong et al. [14]. The manipulator uses
a compliant mechanism of the parallel kinematic type to convert
the motion of 3 stationary actuators to 3 DOFs of the platform. The
translational strokes are 20 �m and the maximum rotation is 4◦.
Stepper or inchworm actuators are also found in the micro-domain.
Examples of electrostatic parallel plate actuators for clamping and
displacement are given by Tas [15] and Patrascu et al. [16] for single
DOF displacement and by Sarajlic et al. in [17] for 2 DOFs displace-
ment.

3.2. Out-of-plane positioning

In [18] a 3 DOFs out-of-plane manipulation stage is presented
applying three identical linear motors consisting of a slider and
a pair of thermal bimorph actuators. The motors are radially
positioned around a platform with 120◦ pitch and push radially
inward. The propulsion is based on friction, which is generally
a drawback for precision positioning. Another 3 DOFs out-of-
plane stage applying the same kinematic principle is presented
in [19]. Here electrostatic scratch-drive actuators are applied. A
scratch-drive actuator is a kind of stepping electrostatic actuator.
For this stage, hinges are used with play instead of hinge flex-
ures. A 3 DOFs out-of-plane stage with compliant hinges made
from polydimethylsiloxane (PDMS) is presented in [20]. Out-of-
plane actuation is based on a mechanism, built up out of PDMS,
transforming the in-plane motion of comb-drives to out-of-plane
displacements of a platform.

3.3. Combinations of in- and out-of-plane manipulation

In [21], Sarkar et al. present various multi-DOFs manipulators
for inspection inside a TEM or SEM. These are based on compliant
mechanisms and driven by thermo-mechanical bimorph actuators
made in a surface micro-machining process. Culpepper et al. [22]
have designed a symmetric flexure mechanism for six DOFs manip-
ulation called HexFlex. In [23] a MEMS version of this mechanism
is presented driven by 12 thermo-mechanical actuators arranged
in 6 pairs. The choice for this type of thermo-mechanical actuators
allows relatively simple fabrication. However, the system is over-
actuated and the thermal heat influences the position stability of
a TEM system. Ando [24] has presented a compliant mechanism 3
DOFs stage with strokes of 1.0, 0.13 and 0.4 �m in the x-, y- and
z-direction. Inclined leaf-springs are used fabricated by focused
ion beam milling. Liu et al. [25] reported a 3 DOFs manipulator
with strokes of 25, 25 and 3.5 �m in the x-, y- and z-direction. The
positioning repeatability open-loop is better than 17.3 nm along all
three axes.
3.4. Assembly of MEMS devices

The literature describes many examples of wafer-bonding of
MEMS devices. A very nice example of assembly by wafer-bonding
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s a micro-turbine presented in [26], where a total of five wafers are
tacked on top of each other. Another example where four wafers
re stacked is given in [27] for a 2 DOFs tilt mirror with buried
ctuators. An assembled magnetic induction machine is presented
n [28] and [29]. Here, a rotor structure is assembled on top of a

olded coil structure. Tsui et al. [30] have developed modular con-
truction elements made from silicon that are assembled with the
id of compliant connectors and sockets. This assembly requires
macroscopic external precision manipulator system. Using this

echnique, a micro-SEM is developed [31].

.5. Conclusion regarding existing research

None of the literature studied in the survey described above
eports characterization with respect to stability and resolution. As
entioned before, this is typical of literature on MEMS systems and

nderstandable, since obtaining the required measurement data is
ery challenging. Designing for precision is clearly a rather new dis-
ipline within the field of MEMS. However, there is no fundamental
eason why positioning in MEMS cannot be accomplished on a
anometer level. In the macro-scale world, precision machines are
sually designed by using precision engineering. A design synthesis
f precision engineering, a proven design philosophy for creating
recision machines, and MEMS, a technology for miniaturization,
ould lead to precision micro-scale manipulators.

. MEMS-based mechatronic system design

There are some important differences between a mechatronic
esign in MEMS and in the macro-scale world. In MEMS the influ-
nce of the fabrication technology on the design is large, the
abrication technology is often based on planar processes, the
ctuator choice influences the used fabrication technology and is
herefore great, and sensing is relatively inaccurate in relation to
he range of motion.

Roughly, MEMS fabrication can be subdivided into ‘bulk micro-
achining’ based processes [32], and ‘surface micro-machining’

ased processes. Surface micro-machining is basically deposition
nd removal of relatively thin layers of material on a wafer. In
ulk micro-machining processes the wafer itself is etched resulting

n high (out-of-wafer-plane) structures. High aspect-ratio struc-
ures, such as leaf-springs of 35–40 �m high and 2 �m thick, can
e made by Deep Reactive Ion Etching (DRIE). High leaf-springs
re necessary for increasing the out-of-wafer-plane stiffness of
he relatively large MEMS devices. Electrical wiring in bulk micro-

achined devices can be done by so called trench isolation [13]
r using SOI technology. A wall of insulation material divides the
ilicon resulting in isolated electrical parts.

The design principles which are especially relevant for the
anipulator design are determinism, exact constraint design and

ymmetry [3]. Exact constraint design means a design has exactly
he required amount of compliant (ideally free) and stiff (ideally
onstrained) degrees-of-freedom necessary to create a specified
otion. The exact constraint design makes the actuation modes

ompliant, reducing the energy necessary for actuation. At the same
ime the exact constraint design makes the suspension modes rel-
tively stiff, leading to high suspension mode frequencies, reduced
ensitivity for disturbances and a robust overall design. In addi-
ion, a design which is based on a fully compliant mechanism
voids backlash, friction, wear and minimizes hysteresis, result-

ng in highly deterministic behavior. Symmetry often improves
he dynamic behavior by increasing disturbing vibration mode fre-
uencies and by making mode shapes less disturbing.

The manipulator design is based on the design principles,
determinism’ by using a fully compliant mechanism, and ‘exact
ineering 34 (2010) 307–319 309

constraint design’ in combination with mainly bulk micro-
machining processes.

4.1. Six DOFs motion

Six DOFs positioning requires both in-plane and out-of-plane
motion. Basically the two options for six DOFs motion generation
are using a combination of in-plane and out-of-plane actuators in
one system, or using one type of actuator and a mechanism to
convert in-plane to out-of-plane motion or vice versa. Usually the
technology to fabricate in-plane actuators differs from the technol-
ogy 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 has been
used in the manipulator design.

4.2. Actuation principle in MEMS

A summary of the overview regarding actuation principles in
MEMS presented in [33] is given. MEMS-based magnetic actuators
have a low energy density. Piezo (PZT) actuators are difficult to inte-
grate in MEMS technology or need assembly. Thermal actuators can
have an energy density comparable to electrostatic actuators. In
general, thermal actuators lack thermal stability, causing position
uncertainty at nano-manipulation. Regarding the necessary stroke
and force of the manipulator a lateral comb-drive electrostatic actu-
ator would suffice. This type of actuator integrates well into bulk
micro-machining. Six electrostatic comb-drives will be used for
actuation. The problem of the interaction of the electron beam with
electrostatic actuators can be overcome by either blocking the actu-
ators with a clamp or by shielding. The typical electrostatic force
per finger pair at 60 V is 0.5 �N.

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.

4.3. Serial versus parallel kinematic mechanism

A distinction can be made between serial and parallel type of
mechanisms. A serial mechanism consists of one kinematic chain
of links and joints between the end-effector and base to enable all
DOFs. A parallel mechanism has several kinematic chains between
the end-effector and base. 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 mechanical coupling between the TEM
column and the sample. A large advantage of a parallel set-up, espe-
cially 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.

4.4. Position control

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.

Precision macro-systems often rely on feedback for accurate
position information. Measuring on the micro-scale is less trivial.
With respect to the repeatability the external disturbance forces
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Fig. 1. One of the three legs of the manipulator with the platform.

oading the manipulator are small. In this case a monolithic and
ingle crystal mechanical structure in MEMS leads to a highly
epeatable mechanism. Therefore, using only feed-forward control
an result in excellent positional repeatability. The stability of the
ystem will rely on passive mechanical stability. There are several
easons why the passive stability can be enhanced by unpowered
locking of the manipulator. A first reason is because the cross-talk
etween the electron beam of the TEM and electric or magnetic
elds from the actuators of the manipulator affects the stability of
he electron beam and the manipulator. Clamping (of course with-
ut generating electric or magnetic fields) decreases this cross-talk.
second reason is, the manipulator can be switched between com-
liant actuation modes for positioning, and high frequent vibration
odes during imaging. A clamping mechanism has been developed

or this purpose [34]. In the final design a mechanical clamp with a
ocking device is integrated.

. The kinematic concept

The manipulator, which is schematically shown in Fig. 2, has a
at base over which 3 intermediate bodies can move. Each interme-
iate body is actuated in 2 translational DOFs (x and y in Fig. 1) and
onstrained in the other 4 DOFs (z, Rx, Ry and Rz). The ball joint
onnecting the intermediate body with the triangle releases 3 DOFs.
herefore the triangle has 2 actuated, 3 free and 1 constrained DOFs.
he hinge, also called revolute joint, releases another DOF. There-
ore, the platform has 2 actuated and 4 free DOFs by one leg as shown
n Fig. 1. Table 2 summarizes the DOFs per leg.

The combination of 3 times 2 DOFs actuated per leg results in
he platform having six DOFs actuated. Each of the individual DOFs
f the platform is shown with the corresponding intermediate body
y-translations in Fig. 2.

The kinematic concept as implemented in the MEMS-based

anipulator, shown in Fig. 3, is almost equivalent to the kinematic

oncept shown in Fig. 1. The suspension of the actuator is regarded
s constraining five DOFs and leaving compliant only the actua-
ion direction. Each leaf-spring is regarded as constraining three

able 2
he DOFs of the rigid bodies of 1 leg of the manipulator.

Free Actuated Constrained

Intermediate
body

0 2 7 Ball joint releases 3 DOFs

Triangle 3 2 1
Platform 4 2 0 Hinge releases 1 DOF
ineering 34 (2010) 307–319

DOFs. Three DOFs of the intermediate body, shown in Fig. 4, are stiff
(ideally constrained by the Si-leaf-springs). Two DOFs of the inter-
mediate body are actuated by electrostatic comb-drives [35]. The
two Si-leaf-springs, 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 Fig. 5. The three compliant
DOFs near the intermediate body can be regarded as a ball joint,
equivalent to the ball joint in Fig. 1. Although these three rotational
compliant DOFs are not orthogonal, they do act as an elastic ball
joint, because their vector span a 3D space and intersect close to
each other. The compliant DOF near the platform can be regarded
as the hinge equivalent of Fig. 1. The combination of three times
two DOFs actuated per leg results in the platform having six DOFs
actuated (Fig. 3).

Each intermediate body is constrained twice in the z-direction
by the connecting Si-leaf-springs, resulting in an overconstrained
design. However the z-stiffness of the Si-leaf-springs is limited
(which will be shown in the Section 8.1) because of dimensions
resulting from fabrication. Therefore the overconstrained design
effectively helps to increase the z-stiffness. The overconstrained
design will not lead to large stresses and therefore changed sys-
tem behavior [40] because the mechanism is fabricated out of one
piece of low stress material and the processing does not lead to
stress in the mechanism. Each electrostatic actuator is suspended
by four folded flexures [35], which also results in an overcon-
strained design. However, the gain in stiffness in the z-direction
due to the overconstrained is more essential. In fact each folded
flexure itself is overconstrained and at the same time the interme-
diate body of the folded flexure (Fig. 4) is also underconstrained.
The underconstrained internal vibration mode frequency of the
folded flexure is high and is therefore not significantly disturbing
the system. However, the suspension stiffness of the folded flex-
ure decreases due to the underconstrained internal mode at large
deflections [1], which could lead to electrostatic actuator insta-
bility [35]. The stiffness decrease due to deflection in the case of
the manipulator design is limited because the deflection is lim-
ited.

Important for the design is that overconstraints have only been
applied to increase the z-stiffness of the intermediate body. The
overconstrained design does not lead to large stresses and the
resulting changed system behavior because of the limited height to
length ratio of the leaf-springs. The compliant actuation direction
does not suffer from the overconstrained design. Exact constraint
design has necessarily been applied at the slanted leaf-springs,
because the slanted leaf-spring dimensions would cause large
internal stress due to stress resulting from processing or deforma-
tion due to maneuvering in case of an overconstrained design. In
the case of a design containing underconstraints unacceptable low
frequency vibration modes would be encountered. This is not the
case with the manipulator design.

To give an impression of the dimensions: the overall size
is 4.9 mm × 5.2 mm. The platform is elevated 460 �m above
the comb-drives, folded flexures and Si-leaf-springs. Because of
anisotropic etching along crystal planes of the silicon (used for
obtaining the slanted leaf-springs), the 120◦ rotational symmetry
as shown in Fig. 2 is not maintained in the silicon MEMS version of
the manipulator.

6. Basic steps of the fabrication process design
In this section the fabrication concept is presented. Presently
only parts of the manipulator have been fabricated. The entire
fabrication concept of the manipulator is described in [1]. Five
lithographic mask transfer steps are used in the total of 126 pro-
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Fig. 2. Each of the independent six DOFs of the platform are created by

ess steps. The steps are explained in [1]. The concept is based
n etching a 460 �m high pyramid, shown in Fig. 6, in a 500 �m
100〉 thick Si-wafer. A pyramid with flat sides can be etched
y potassium hydroxide (KOH) using 〈100〉 compensation struc-
ures [36]. KOH etches silicon along 〈111〉 crystal planes. On three
f the flat pyramid sides slanted leaf-springs of silicon nitride
SixNy) are deposited as shown in Fig. 7. The shape of the slanted
eaf-springs is structured by evaporation of aluminum through a
hadow mask and subsequently etching the leaf-springs. In a next
tep the pyramid is etched away by reactive ion etching leaving the

lanted leaf-springs. An alternative route for fabricating the slanted
eaf-springs is to structure and release the silicon nitride slanted
eaf-springs by using focused ion beam milling. The comb-drives
re etched by DRIE. The electrical wiring is laid out by using trench
solation technology [13].
inations of planar xy-displacements of the three intermediate bodies.

Top figure show a cross-section of the manipulator after KOH
etching. Bottom figure shows the cross-section of the manipulator
after the total processing.

7. Dimensioning the manipulator

Many dimensions of the manipulator are determined by the
process steps used. The most important dimensions are the ones
concerning the elastic elements: the folded flexures, the slanted
leaf-springs and the Si-leaf-springs.
7.1. The folded flexures

The design of the comb-drive suspension integrated in the first
design of the manipulator is kept relatively conservative, so as not
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ig. 3. The MEMS-based six DOFs manipulator design. For viewing purposes a sec-
ion has been cut away. Overall dimensions are 4.9 mm × 5.2 mm × 0.5 mm.

o accumulate risk. Therefore 4 reinforced folded flexures (Fig. 4)
uspend one comb-drive. The comb-drives actuate in one direction
nly to keep the number of electrical connections low. However,

f large strokes are necessary, comb-drives actuating in two direc-
ions are preferred. The leaf-spring thickness can be set at 2 �m.
owever, 3 �m is used to make the mechanism more robust for
rocessing. The reinforcement is 8 �m thick. The leaf-spring height

ig. 4. Three of the three DOFs of the intermediate body are stiff (ideally constrained
y the Si-leaf-springs). Two DOFs of the intermediate body are actuated and one DOF

s compliant (ideally released).

ig. 5. The six DOFs (2 actuated and 4 compliant) of the platform defined by 1 leg. The
lanted leaf-spring releases 3 DOFs. The intersection of the Si-leaf-springs releases
DOF. The 3 compliant DOFs near the intermediate body can be regarded as a ball

oint, equivalent to the ball joint in Fig. 1. The compliant DOF near the platform can
e regarded as the hinge equivalent of Fig. 1.
Fig. 6. Cross-section of the six DOFs MEMS-based precision manipulator showing
the slanted leaf-springs. The 〈111〉 crystal plane orientation obtained by KOH etching
is visible.

is 35 �m and is determined by trench isolation technology as
explained by Sarajlic et al. [13]. The length is a trade-off between
the amount of comb-drive energy stored in the leaf-springs and
the amount of space needed for the flexures. The length is set at
406 �m.

7.2. The slanted leaf-springs

The slanted leaf-springs create a 54.7◦ angle with the device
plate (Fig. 6) resulting from KOH etching in single crystal silicon.
The 54.7◦ angle in combination with the thickness of the wafer
minus the thicknesses of the platform and the device plate results
in a 403 �m length. The thickness of the slanted leaf-springs is
determined by the low pressure chemical vapor deposition (LPCVD)
of SixNy which is generally between 0.3 and 2.5 �m. To keep the
stress during processing low, the thickness is kept relatively small
at 0.7 �m. The width of the leaf-spring is set at 300 �m. This is rel-
atively large so as to ensure increased robustness against buckling.

7.3. The Si-leaf-springs
The height of the Si-leaf-springs is determined by the thickness
of the device plate. The device plate thickness is determined by the
maximum height for trench isolation, which is about 35–40 �m.
The thickness of the Si-leaf-spring can be as small as 2 �m, limited
by the aspect ratio of DRIE. However, 3 �m is used to make the

Fig. 7. Brief overview of the fabrication of the six DOFs MEMS-based precision
manipulator.
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Fig. 8. The dimensions of the manipulator.

echanism more robust for processing. The length of the Si-leaf-
prings needs to be long for a large actuation compliance, which in
urn helps to reduce the size of the actuators. If the Si-leaf-spring
ength is set at 800 �m the folded flexures of the actuator suspen-
ion, which require length for compliance too, fit well with the
ccupied space of the comb-drive.

The dimensions shown in Fig. 8 are listed in Table 3.

. Overview of the most important dimensions

.1. Modeling the manipulator

Based on dimensions of the elastic elements (the folded flexures,
he slanted leaf-springs and the Si-leaf-springs) the manipulator is

odeled to obtain the dimensions of the actuators by calculating
he displacement and force output of the actuators. Modeling is
lso used to obtain the first vibration mode frequencies as a func-
ion of the position of the platform and the corresponding vibration

ode shapes. Furthermore the stress level in the flexures is calcu-
ated, the buckling force on the platform and the thermal stability
s investigated.

For design optimization a multibody software program called
PACAR has been used. The program uses the finite beam element
escribed by Meijaard [37] as a basis. To model leaf-springs accu-
ately the influence of constrained warping [38] at the ends of

beam is approximately included by modifying the torsion con-

tant for the elements adjacent to these ends. It is as if the length
f the beam is reduced for a beam with wide rectangular cross-
ection. Shear correction factors are applied according to Cowper
39]. The approach has proven to be accurate for relatively large

able 3
he most important dimensions of the manipulator design.

Symbol Size Flexure geometry Dimension constra

lpl 1.32 mm Platform length Min. length constr
wpl 1.32 mm Platform width Min. width constra
li,pl 1.12 mm Inner platform length Free to choose
wi,pl 1.12 mm Inner platform width Free to choose
hpl 50 �m Platform height Free to choose, nee
lsl 403 �m Slanted leaf-spring length Defined by wafer t
wsl 300 �m Slanted leaf-spring width Free to choose, cho
tsl 0.7 �m Slanted leaf-spring thickness Between 0.3 and 2
lsi 800 �m Silicon leaf-spring length Free to choose, cho
hsi 35 �m Silicon leaf-spring height Max. height determ
tsi 3 �m Si-leaf-spring thickness Thickness greater
lff 406 �m Folded flexure length Free to choose, tra
tff 3 �m Folded flexure thickness Thickness greater
tr 8 �m Reinforcement thickness Free, thickened for
lf 28 �m Comb finger length Free, based on actu
gf 3 �m Comb finger gap Greater than 2 �m
ineering 34 (2010) 307–319 313

deflections [1] which are typical for MEMS design. Meijaard [40]
even proves that the stress induced by an overconstrained design,
which leads to decreased vibration mode frequencies and even-
tually to bifurcation, can be calculated accurately using the beam
model. The approach considerably reduces the number of elements,
which makes the analysis fast and effective. The manipulator is
modeled by using three beam elements for each leaf-spring. Each
beam element in SPACAR has six possible deformation modes. The
six possible deformation modes of one beam element are one lon-
gitudinal mode, one torsional mode and four bending modes. The
varying Young’s modulus and Poisson’s ratio for different directions
in single crystal silicon has been taken into account. The manipula-
tor platform, the intermediate bodies and the comb-drive shuttles
have been considered rigid in the SPACAR model.

8.2. Linearized system model of the manipulator

Although SPACAR models the manipulator in any position and
orientation taking into account non-linearities, linearized geomet-
rical transfer functions and the stiffness matrices will be derived
to physically understand the motion of the platform due to actua-
tion forces, or external forces on the platform. Therefore three 6 × 6
stiffness matrices and a 6 × 6 linear geometric transfer matrix will
be derived. Modal analysis is performed by both SPACAR and a finite
element method. All matrices have the standard Si dimensions of
m, N and radian.

The displacement matrices of the platform X- pl , the actuators
X- act , and the force matrices of the platform F-pl and the actuators
F-act are defined by:

X- pl =

⎡
⎢⎢⎢⎢⎢⎣

xpl

ypl

zpl

rxpl

rypl

rzpl

⎤
⎥⎥⎥⎥⎥⎦

; X- act =

⎡
⎢⎢⎢⎢⎢⎣

xact 1

xact 2

xact 3

xact 4

xact 5

xact 6

⎤
⎥⎥⎥⎥⎥⎦

; F-pl =

⎡
⎢⎢⎢⎢⎢⎣

Fx,pl

Fy,pl

Fz,pl

Mx,pl

My,pl

Mz,pl

⎤
⎥⎥⎥⎥⎥⎦

;

F-act =

⎡
⎢⎢⎢⎢⎢⎣

Fact 1

Fact 2

Fact 3

Fact 4

Fact 5

⎤
⎥⎥⎥⎥⎥⎦

(1)
Fact 6

Eq. (1) in combination with Fig. 9 shows the definition of the dis-
placement and force matrices. The displacement of the nodes in
between the actuators and the platform are represented by matrix

ined by

ained by KOH compensation mask
ined by KOH compensation mask

ds height for bending stiffness
hickness, KOH etch angle, platform thickness and the device plate thickness (hsi)
sen wide w.r.t. buckling

.5 SixNy layer thickness
sen long for actuation compliance
ined by refilling of trench

than 2 �m
de-off between space and actuation compliance
than 2 �m
process robustness
ator displacement
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ig. 9. Definition of the six DOFs platform displacements X- pl , platform forces F-pl ,
ctuator displacements X- act and actuator forces F-act .

- r , with the dual external forces F-r . In the SPACAR model used, these
atrices have a dimension 184 × 1. The total static linear system
odel of the total manipulator is given by:

F-act

F-pl

F-r

⎤
⎥⎦ =

⎡
⎢⎣

C11 C12 C13

CT
12 C22 C23

CT
13 CT

23 C33

⎤
⎥⎦ ·

⎡
⎢⎣

X- act

X- pl

X- r

⎤
⎥⎦ (2)

nd

X- act

X- pl

X- r

⎤
⎥⎦ =

⎡
⎢⎣

S11 S12 S13

ST
12 S22 S23

ST
13 ST

23 S33

⎤
⎥⎦ ·

⎡
⎢⎣

F-act

F-pl

F-r

⎤
⎥⎦ (3)

.3. Geometric transfer function and actuation stiffness matrix

-pl = 0-; F-r = 0-

In this section a 6 × 6 linear geometric transfer matrix T will be
erived to map the actuator displacements, due to actuator forces,
o the platform displacements. In addition a 6 × 6 stiffness matrix
o model the stiffnesses, experienced by the 6 actuators, Cact, will
e derived. T and Cact are valid if the forces acting on the system
re solely the actuation forces: F-pl = 0-; F-r = 0-. In this case only
ertain parts of Eq. (3) are of interest:

X- act

X- pl

X- r

⎤
⎥⎦ =

⎡
⎢⎣

S11 · ·
S12

T · ·
S13

T · ·

⎤
⎥⎦ ·

⎡
⎢⎣

F-act

0-
0-

⎤
⎥⎦ (4)

The external forces on the actuators F-act result in a coupling of
he displacement of the platform X to the displacement of the

⎡
⎢⎢⎢⎢⎣

xact 1
xact 2
xact 3
xact 4
xact 5
xact 6

⎤
⎥⎥⎥⎥⎦

=

⎡
⎢⎢⎢⎢⎣

−0.706 −0.692 0.963 0.000710 0.000341
0.706 −0.692 0.963 0.000710 −0.000341

−0.341 0.927 0.482 0.000173 −0.000338
−0.936 −0.370 1.323 −0.000930 −0.000926
0.341 0.927 0.482 0.000173 0.000338
0.936 −0.370 1.323 −0.000930 0.000926
- pl

ctuators X- act:

X- act = T · X- pl

T = S11 ·
(

S12
T
)−1 ⇐ F-pl = 0-; F-r = 0- (5)
Fig. 10. Example of an in-plane motion in the x-direction xpl of the platform. The
relative displacement of each of the actuators is given.

Matrix transformation of Eq. (5) results in the transformation of the
dual forces, the actuator forces and the platform forces, in which
F-pl,img are the imaginary forces resulting from F-act , acting on the
platform:

TT · F-act = F-pl,img ⇐ F-pl = 0-; F-r = 0- (6)

The actuator stiffness matrix Cact can be defined as follows:

F-act = Cact · X- act

Cact = S11
−1

⇐ F-pl = 0-; F-r = 0- (7)

The stiffness matrix Cact can be transformed to a stiffness matrix
Cpl

act , which is the stiffness matrix geometrically located in the cen-
ter of the platform as shown in Fig. 9. At a later stage this stiffness
matrix will be used to compare with the unblocked platform stiff-
ness matrix.

Cpl
act = TT · Cact · T = S−1

12 · ST
11 ·

(
ST

12

)−1 ⇐ F-pl = 0-; F-r = 0- (8)

The actuator forces displacing the platform can be written as:

F-act = (TT )
−1 · Cpl

act · X- pl =
(

ST
12

)−1 · X- pl ⇐ F-pl = 0-; F-r = 0- (9)

The linearized geometric transfer can be determined numerically.
The geometric transfer matrix T linearized around its undeflected
state is given by:

00736
000736
00769
000924
000769
00924

⎤
⎥⎥⎥⎥⎦

⎡
⎢⎢⎢⎢⎣

xpl

ypl

zpl

rxpl

rypl

rzpl

⎤
⎥⎥⎥⎥⎦

(10)

For small displacements the actuators displacement can now be
related to the displacements of the platform. For example, the
linearized actuator displacement for each comb-drive for an xpl
platform displacement, is shown in Fig. 10. It is equal to the first
column of T of Eq. (10).

The stiffness matrix Cpl
act is given by:

⎡ 41.2 0 0 0 0.0185 0.0003
0 40.7 −21.1 −0.00959 0 0

⎤

Cpl
act =

⎢⎢⎣ 0 −21.1 82.8 −0.0103 0 0
0 −0.00959 −0.0103 0.0000412 0 0

0.0185 0 0 0 0.0000309 0.0000241
0.0003 0 0 0 0.0000241 0.0000560

⎥⎥⎦

(11)
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ig. 11. The six DOFs MEMS-based precision manipulator with clamping mecha-
isms.

The direct equation to determine the actuator forces that result
n a platform displacement is given by:

Fact 1

Fact 2

Fact 3

Fact 4

Fact 5

Fact 6

⎤
⎥⎥⎥⎥⎥⎦

=

⎡
⎢⎢⎢⎢⎢⎣

−10.70 −10.24 14.77 0.01126 0.00607 0
10.70 −10.24 14.77 0.01126 −0.00607 −
−4.39 12.31 6.83 0.00268 −0.00525 0
−12.35 −5.02 18.07 −0.01306 −0.01255 −

4.39 12.31 6.83 0.00268 0.00525 −
12.35 −5.02 18.07 −0.01306 0.01255 0

.4. Actuation force and stroke

An estimation of the actuation force and stroke can be made
sing SPACAR. To reach the specified translations in all directions
nd small correctional rotations at the same time, the actuators
eed displacements of about 50 �m in two directions. This actuator
troke is rather large, which is due to the parallel kinematic manip-
lator set-up. The “individual platform displacements” are about
times larger than the “combined platform displacements”, with

he same actuator strokes. Therefore, in a first fabrication design of
he manipulator the displacements of the comb-drives are limited
o reduce risk. At a stroke of 20 �m the most demanding actuator
eeds to deliver about 275 �N. For MEMS this calculated force is
ather large and requires a voltage of 105 V and 240 finger pairs
35].

In comparison to slanted and Si-leaf-springs, the folded flexures
re relatively stiff in the actuation direction consuming at least 80%,
epending on the platform position, of the actuator force. This is
artly a consequence of the necessity to have a high z-stiffness of
he platform and the large force leverage by the Si-leaf-springs from
he platform to the folded flexures.

.5. Platform stiffness blocked and unblocked

For transmission electron microscope (TEM) sample manipula-
ion, the intended application of the manipulator presented in this
aper, all six actuators of the manipulator should be fixed without a
agnetic or electric field. A mechanical clamping mechanism with
locking device can be integrated in the manipulator for that pur-

ose [34]. Clamping also prevents the six low frequency vibration
odes resulting from the compliance in the actuation direction of

he folded flexures. Each of the six actuators of the six DOFs manip-
lator, can be equipped with a clamping mechanism, as shown in
ig. 11.
ineering 34 (2010) 307–319 315

42
42

38
56
38

56

⎤
⎥⎥⎥⎥⎥⎦

⎡
⎢⎢⎢⎢⎢⎣

xpl

ypl

zpl

rxpl

rypl

rzpl

⎤
⎥⎥⎥⎥⎥⎦

(12)

In this section two stiffness matrices, Cpl,unbl and Cpl,bl, which
couple the forces loaded onto the platform to the displacements
of the platform, will be derived. Cpl,bl, is a 6 × 6 stiffness matrix to
model the six DOFs stiffness of the platform for the situation that
the actuators are blocked by the clamping mechanisms. Cpl,unbl, is a
6 × 6 stiffness matrix to model the six DOFs stiffness of the platform
for the unblocked actuator situation.

The unblocked stiffness of the platform couples the forces
loaded onto the platform to the displacements of the platform, if
there are no other external forces loaded on the manipulator, and at
an initially undeflected manipulator state. In this case only certain
parts of Eq. (3) are of interest:
⎡
⎢⎣

X- act

X- pl

X- r

⎤
⎥⎦ =

⎡
⎢⎣

· S12 ·
· S22 ·
· ST

23 ·

⎤
⎥⎦ ·

⎡
⎢⎣

0-
F-pl

0-

⎤
⎥⎦ (13)

then

F-pl = Cpl,unbl · X- pl = S−1
22 · X- pl ⇐ F-act = 0-; F-r = 0- (14)

Although the stiffness matrix Cpl
act , used to couple the actuator forces

to the platform displacement, is located at the same place as Cpl,unbl,

it is fundamentally different. This can be seen by comparing Eqs. (8)
and (14). Cpl,unbl is the stiffness experienced by a force acting on the

platform, while Cpl
act is the stiffness of the platform as experienced

by the actuators.
The values of Cpl,unbl are derived numerically from SPACAR and

are linearized around the undeflected state. Eqs. (14) and (15) give
the equation for the unblocked manipulator:

Cpl,unbl

=

⎡
⎢⎣

24.9 0 0 0 0.00171 −0.00912
0 31.7 −8.4 0.00864 0 0
0 −8.4 29.1 −0.00400 0 0
0 0.00864 −0.00400 0.0000188 0 0

0.00171 0 0 0 0.0000133 0.0000140
−0.00912 0 0 0 0.0000140 0.0000500

⎤
⎥⎦

(15)

Comparing Cpl,unbl and Cpl
act it is clear that the diagonal terms c33,

c44 and c55 of Cpl,unbl are about 2.5 times lower than the terms of

Cpl
act . The loss of stiffness of Cpl,unbl is mainly due to the finite stiff-

ness in z-direction. This is because the loading of Si-leaf-springs
and folded flexures of the manipulator in the z-direction, in the
situation used to calculate Cpl

act , is much less. If the height of the
Si-leaf-springs and folded flexures was not restricted due to fab-
rication limitations, the z-stiffness would be much higher. In that
case the design would result in Cpl,unbl ≈ Cpl

act and each of the diag-
onal terms of Cpl,bl � Cpl,unbl. This would be the situation in a true
exact constraint design.
The blocked stiffness of the platform couples the forces loaded
onto the platform to the displacements of the platform, if the exter-
nal forces F-r = 0-, and the actuator position is locked by a stiff
mechanism. In the model the forces on the actuator nodes F-act are
such that X- act = 0-. In this case only certain parts of Eq. (3) are of



3 n Eng

i⎡
⎢⎣

t

F )

T
l
e
⎡
⎢⎢⎢⎢⎢⎣

0.77
0
0
0

0004
0024

T
d
m
i
z
z

i
z
u
b
s
s
b
d

s
a
n
m
t

F
e
a

16 D.M. Brouwer et al. / Precisio

nterest:

0-
X- pl

X- r

⎤
⎥⎦ =

⎡
⎢⎣

S11 S12 ·
ST

12 S22 ·
ST

13 ST
23 ·

⎤
⎥⎦ ·

⎡
⎢⎣

F-act

F-pl

0-

⎤
⎥⎦ (16)

hen

-pl = Cpl,bl · X- pl = (−ST
12S−1

11 S12 + S22)
−1 · X- pl ⇐ X- act = 0-; F-r = 0-(17

he values of Cpl,bl are derived numerically from SPACAR and are
inearized around the undeflected state. Eqs. (17) and (18) give the
quation for the blocked manipulator.

Fx,pl

Fy,pl

Fz,pl

Mx,pl

My,pl

Mz,pl

⎤
⎥⎥⎥⎥⎥⎦

=

⎡
⎢⎢⎢⎢⎢⎣

822 0 0 0 −0.372 −
0 1433 −88.5 0.722 0
0 −88.5 48.8 −0.045 0
0 0.722 −0.045 0.000392 0

−0.372 0 0 0 0.000204 0.
−0.773 0 0 0 0.000471 0.

he z-stiffness is the lowest stiffness. Usually the z-stiffness is
efined as (∂z/∂Fz)−1, the inverse of element s33 of the compliance
atrix. This is the experienced stiffness when a sole input force Fz

s loaded onto the platform. The Fz force will not solely result in a
-displacement. In this case (∂z/∂Fz)−1 = 43.3 N/m, while the pure
-displacement stiffness ∂Fz/∂z = 48.8 N/m.

The effectiveness of the clamping mechanism can be exam-
ned by comparing Cpl,bl with Cpl,unbl. The stiffness increase in the
-direction in a blocked manipulator situation as opposed to an
nblocked one is only 1.7 times. This is because the out-of-plane
ending of the Si-leaf-springs is mainly responsible for the low
tiffness in both cases. Therefore, clamping does not increase the
tiffness in the z-direction much. The largest stiffness increase by
locking is in the rz-direction, i.e. 50 times. A true exact constraint
esign would show that each of the diagonal terms of Cpl,bl � Cpl,unbl.

The low stiffness of the platform in the z-direction means that

mall external forces cause quite a large position uncertainty. If, for
n application such as micro-assembly, the position uncertainty
eeds to be less than 1 �m (which is still quite inaccurate), the
aximum external disturbance force should be less than 50 �N in

his case, which is very small.

ig. 12. Several of the lowest vibration modes of the manipulator as calculated by Cosm
ighth vibration mode with unblocked actuators at 8.7 kHz. (c) The tenth vibration mod
ctuators at 3.8 kHz.
ineering 34 (2010) 307–319

3

71
93

⎤
⎥⎥⎥⎥⎥⎦

⎡
⎢⎢⎢⎢⎢⎣

xpl

ypl

zpl

rxpl

rypl

rzpl

⎤
⎥⎥⎥⎥⎥⎦

(18)

8.6. Modal analysis

The lowest vibration mode frequencies and the accompanying
vibration modes have been calculated using SPACAR and Cos-
mosWorks. The difference between the two modeling methods is
less than 5% for the lowest 10 vibration mode frequencies. The pay-
load, a sample of 20 �m × 10 �m × 0.2 �m, does not influence the
vibration mode frequencies. Fig. 12a shows the first vibration mode
with unblocked actuators. The first six vibration mode frequencies
with unblocked actuators ideally should resemble modes which
mainly show deflection of the compliant suspension of actuators
in the actuation direction. A good exact constraint design should

lead to a much higher seventh vibration mode frequency (Fig. 12b).
However, this is not the case with the manipulator. The relatively
low vibration mode frequencies of unblocked modes 7, 8 and 9
(Fig. 12b) and blocked modes 1, 2 and 3 (Fig. 12d) are caused by the
limited z-stiffness of the Si-leaf-springs. This is caused by the lim-
ited height (35 �m) to length (800 �m) 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 actu-
ation modes and the preferably high frequency blocked actuator
modes. This is essentially a trade-off between the necessary actu-
ator force for displacing the platform and the first vibration mode
frequency. Unblocked mode 10 (Fig. 12c) and larger, and blocked
modes four and larger shows internal vibration modes which
have much higher frequencies as shown in Table 4. Therefore, if
the out-of-plane bending stiffness of the Si-leaf-springs could be

increased, the first three vibration mode frequencies of the blocked
manipulator would be increased considerably. At the same time
exactly 6 low frequency vibration modes for the unblocked manip-
ulator would result, which implicates a better exact constraint
design.

osWorks. (a) The first vibration mode with unblocked actuators at 2.6 kHz. (b) The
e with unblocked actuators at 29.2 kHz. (d) The first vibration mode with blocked
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positional stability of the platform. The corresponding stiffness for
1 nm thermal noise position uncertainty at 293 K is 4 mN/m, which
is a very low stiffness.
ig. 13. The first vibration mode change with blocked actuators due to platform
isplacement in the x-, y-, and z-direction.

.7. Vibration mode frequency change due to platform
isplacement

The stiffness of leaf-springs changes when deflected. Therefore,
he vibration mode frequencies of the platform are expected to
hange when the platform is deflected as well. SPACAR was used to
nvestigate this frequency shift due to a displacement in the pure
-, y- and z-translations and in the pure rx-, ry- and rz-rotation.
n all cases, the actuators are blocked after initial displacement.
he change of vibration mode frequency is largest for translations
hown in Fig. 13.

The first vibration mode frequency with blocked actuators is a
ode which mainly bends the Si-leaf-springs in the z-direction.

he frequency shift of the mode is largest for a displacement in the
-direction. This shift is caused by the relatively large change in
ongitudinal stiffness of the slanted leaf-springs when deflected. In
he x- and y-directions the slanted leaf-springs are not deflected. In-
afer-plane deflection of the Si-leaf-springs does not cause a large

tiffness change in the z-direction [1]. However, the frequency shift
ue to platform translation is relatively small.

.8. Stress

The stress by internal forces due to deflection of the manip-
lator is low. In general, this is the case if relatively low force
ctuators (comb-drives) are used in a compliant mechanism. The
uckling load is the lowest in the x-direction on the platform, i.e.
.21 mN. Stress caused by internal or external causes is not the
ailure mechanism for the manipulator, buckling is. This is the con-
equence of the long slender leaf-springs necessary to make the

echanism compliant enough for the low force actuators to result

n the required strokes. To prevent stress concentrations due to
otches, which are critical in single crystal material, all corners are
ounded.

able 4
he lowest vibration mode frequencies of the manipulator calculated by
osmosWorks.

Vibration mode frequency Unblocked (kHz) Blocked (kHz)

1 2.6 3.8
2 2.7 4.1
3 3.3 4.4
4 3.5 18.2
5 4.6 27.8
6 7.9 29.2
7 8.4 29.4
8 8.7 29.6
9 8.8 31.0

10 29.2 31.1
ineering 34 (2010) 307–319 317

8.9. Thermal analysis

There are several sources causing thermal noise in the manipula-
tor: the electron beam, heat producing equipment attached to the
TEM column, and thermo-mechanical noise. No significant heat-
ing 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 tem-
perature 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 molecules 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 MEMS-based accelerometers
this noise can be significant. The equipartition theorem [41] states
that each degree of freedom which is quadratic in the Hamiltonian
(such as energy storage in a spring, mass or capacitance) gets the
mean energy:

〈E〉 = 0.5 c〈x2〉 = 0.5 kB T (19)

where 〈E〉 is the mean energy, kB is the Boltzmann constant, T is
the absolute temperature, c is the spring constant related to the
first vibration mode frequency and 〈x2〉 is the variance of the posi-
tion. For a blocked actuator system, a spring constant equivalent
to the highest inverse compliance (the z-direction) is taken, i.e.
43.3 N/m (section 0). At 293 K,

√
〈x2〉 becomes 9.7 pm. Therefore,

the thermo-mechanical noise has no significant influence on the
Fig. 14. The up-scaled version of the six degrees-of-freedom manipulator. The
proof-of-principle is made out of Stavax a high tensile strength steel. The electro-
static actuators are replaced by voice coil actuators. LVDT sensors are included for
feedback measurement.
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ig. 15. (a) Modeled amplitude bode plots of force on one actuator to position of all
ensors.

. Measurement results on scaled-up model

Since a model of this MEMS-based precision manipula-
or is not easy to validate, a scaled-up version, measuring
40 mm × 540 mm × 58 mm and shown in Fig. 14, has been
esigned and built in order to get insight into the resemblance
etween the model and the up-scaled version [42]. Hereby the char-
cteristics of the MEMS-based manipulator, with the restrictions
esulting from MEMS fabrication methods, have been preserved.
mongst others, these characteristics are the parallel kinematic
lastic mechanism with all the actuators in one (horizontal) plane,
he use of leaf-springs with a typical MEMS-based aspect ratio, and
he asymmetric layout of the leaf-springs at the end-effector, which
riginates from the crystallographic orientation of single crystal sil-
con. Parts of the design, which are overconstrained, are wire spark
roded out of one piece to reduce the effects of internal stress [40]
nd to minimize hysteresis.

SPACAR has been used to model the transfer of force on one
ctuator to position of all sensors as is shown in Fig. 15a. In the mea-
ured data the damping of the back-emf of the only one connected
oice coil actuator and the friction in the 6 LVDT sensors causes

eaks in upper and lower direction to become smaller shown in
ig. 15b. Due to the roughly 100× larger scale and the use of steel
he vibration modes frequencies are scaled as well (Table 5). Up
o the 9th vibration mode, the up-scaled manipulator shows good

able 5
he lowest vibration mode frequencies of the scaled-up manipulator modelled and
xperimentally acquired.

Vibration mode
frequency

Model (rad/s) Experiment (rad/s) Relative error (%)

1 54.6 55.8 2.2
2 55.2 57.0 3.3
3 81.1 80.2 1.1
4 83.3 85.2 2.3
5 119 118 1.2
6 122 118a 3.4
7 624 589 5.9
8 787 753 4.5
9 836 ±800b 4.5

10 944 – –

a Frequency almost identical to mode 5, therefore difficult to measure.
b Frequency measured with the aid of a laser vibrometer.
rs, and (b) measured amplitude bode plot of force on one actuator to position of all

resemblance with the SPACAR model. The 7th to 9th vibration mode
frequencies have a mismatch lower than 6%, which will possibly be
caused by fabrication tolerances. The distinctive peaks at 707, 861
and 1569 rad/s as well as the bump around 314 rad/s (=50 Hz) are
introduced by the electronics used. Furthermore the frequencies
above 1000 rad/s are difficult to distinguish, since the noise level
of the sensors is higher than the displacement of the mechanism.
The scaled-up model will be used for testing a control system with
a combination of feedback and feed-forward. Also the position and
orientation dependant dynamics which influence the controller are
subject of investigation.

10. Conclusion

A design has been presented for a six DOFs MEMS-based pre-
cision manipulator. The specifications for a precision manipulator
require high frequency vibration modes combined with compli-
ant actuation modes. The compliant actuation modes are necessary
to generate sufficient displacement of +/− 10 �m by the low
force MEMS actuators. Therefore, exact constraint design has been
applied as much as possible. However, trade-offs had to be made
between what is required from an exact constraint design point of
view and what is feasible with the available fabrication processes.
Therefore the height of the Si-leaf-springs is limited to 35 �m and
the thickness of the leaf-springs had to be taken 3 �m. To limit the
area occupied by the electrostatic actuators the mechanism needed
to be compliant in the drive directions, therefore the 3 �m tick Si-
leaf-springs are required to be 800 �m long. In combination with
the limited height of the leaf-springs, the bending stiffness of the Si-
leaf-springs in out-of-plane z-direction is not high compared to the
compliant in-plane direction. As a consequence the six compliant
actuation mode frequencies are close to the first three suspension
modes with blocked actuators. At the same time the free actuator
platform stiffness and the blocked actuator platform stiffness are
not much different. To increase the z-stiffness of the platform, over-
constrained design has been applied to the actuator suspension and
the connection of the Si-leaf-springs to the intermediate body.
A scaled-up version of a MEMS-based six degrees-of-freedom
precision manipulator has been designed, built and tested. The
experiments show a great resemblance with both a FEM model and
multibody model. The thermal stability for the proposed manipula-
tor is good because of the small dimensions and the low expansion
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D.M. Brouwer et al. / Precisio

oefficient of silicon. The overall conclusion on MEMS-based micro-
echatronic design is that precision design in MEMS is a synthesis

f the fabrication process design and exact constraint design
equiring trade-offs. In a MEMS-based precision design sometimes
inning against the exact constraint design principles is a neces-
ity to obtain both a high actuation compliance and high vibration
ode frequencies of the suspension modes. Future advances in fab-

ication technology will lead to higher leaf-springs in respect to the
hickness, enabling more exactly constrained designs.
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