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Abstract. The miniaturization and development of complex Micro Electro Mechanical
Systems (MEMS) led to a need for an increase in performance of such systems in terms of
displacement range, accuracy, velocity etc. There is a huge potential of using them as
tools in nanonoscience such as high-density probe memory applications, scanning probe
microscopy (e.g. nanolithography, prototyping of nanostructures), bio-physical
applications (e.g. cell stimulation and monitoring), chemistry (e.g. trapping molecules in
nano-gaps for further analysis). Recent development of such MEMS devices in the
Transducers Science and Technology group, as well as experimental testing in different
nano-scale related applications are presented. The work focuses on bidirectional and
2DOF (two degrees of freedom) microactuator stages, nano-positioning systems, and
development of atomic force microscopy based applications and characterization
techniques.
1 INTRODUCTION
Technological progresses boost the nano-scale research, making it an attractive and
exploding field. Therefore, it is essential to provide new tools and instrumentation, which
can successfully handle the requirements mainly dictated by the small scale at which some
physical mechanisms differ from those well known at macroscopic scale (e.g. interaction
between surfaces).
The miniaturization and development of complex Micro Electro Mechanical Systems
(MEMS) has led to a need for an increase in performance of such systems in terms of
displacement range, accuracy, velocity etc. Reliable MEMS devices with high
performance have a huge potential in different nano-scale applications. Ranging from
nano-positioning in high-density probe data recording to different scanning probe
microscopy applications such as nanolithography or cell stimulation, in all applications
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extremely high control accuracy is required. In order to meet the strict constraints of
particular applications, the MEMS devices have to meet specific requirements. In the
following sections such microsystems developed recently in the Transducers Science and
Technology group of University of Twente are presented, with focus on bidirectional and
2DOF (two degrees of freedom) microactuator stages, nano-positioning systems, and
development of atomic force microscopy based applications and characterization
techniques.
2

ELECTROSTATIC MICROACTUATOR STAGES

Microactuators use various actuation principles (e.g. electrostatic, electrothermal,
piezoelectric etc.) according to the requirements of particular applications. A widely applied
principle on the micrometer scale is the electrostatic actuation, which is an attractive principle
because electrostatic forces scale favorably [1]. In general, the energy density of an
electrostatic actuator increases as the size of the actuator decreases. Furthermore, the
breakdown strength of air increases with decreasing gap separation, allowing large electric
fields between electrodes. These large electric fields enable electrostatic motors to have
energy densities comparable with that of conventional magnetostatic ones. Additionally,
electrostatic microactuators are essentially voltage driven. Fast voltage switching in
combination with a small actuator size allows fast response and low power consumption.
Furthermore, one of the most important reasons behind the widespread use of electrostatic
microactuators is their compatibility with silicon micromachining techniques.
A large electric field achievable in narrow gaps allows realization of electrostatic
microactuators with relative large output force. The electric field drops quickly by increasing
the spacing between electrodes, which limits the displacement range of electrostatic
microactuators with large output force. Consequently, electrostatic microactuators with large
displacement range, e.g. comb drives [2], generally produce low output force.
Electrostatic linear micromotor based on inchworm motion [3, 4] is a solution for
generating both, relatively large output force and relatively large displacement range. These
micromotors employ a large force and short stroke microactuator to produce small steps,
which by an appropriate clamping mechanism can be added sequentially, resulting in large
displacement ranges. The displacement range is practically restricted by the dimensions of the
guidance. In inchworm micromotors the clamping and the propulsion are separated, allowing
individual optimization of these two mechanisms. Therefore, better reliability, higher
positioning accuracy, and larger output forces are expected from inchworm motors than from
other stepping motion micromotors such as scratch drives, inertial drives and impact
micromotors. However, these advantages come to the expense of increased complexity of the
driving signal.
An electrostatic linear inchworm micromotor with a built-in mechanical leverage, the socalled shuffle motor [5], combines large output force in a small area, and high positioning
resolution. This micromotor converts normal deflection of an elastic plate into a small
powerful step. Two electrostatic clamps are used to enable bidirectional inchworm movement.
The shuffle motor performs a walking motion, in which both, the clamps and the propulsion
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mechanisms are moved by applying an appropriate voltage sequence.
The working principle is illustrated in Figure 1. First, a potential difference is applied
between the left clamp foot and the substrate, inducing an electrostatic force that prevents
sliding of the activated clamp (I). Subsequently, a potential difference is applied between the
plate and the substrate, causing deflection of the plate. This induces a contraction of the entire
motor, moving the right clamp closer to the left one (II). Since the normal deflection of the
plate is much larger than the induced longitudinal motion, there is a built-in mechanical
leverage, which produces a small but powerful contraction. Subsequently, the right clamp is
held in the new position by an applied potential difference (III) and the left clamp is released
(IV). The plate released in the next sequence (V) stretches and pushes the left clamp forward.
The whole motor is moved a single step to the left when the actuation sequence is completed
(VI). Repeated actuation sequence results in large displacement range by successively adding
the steps. Reversing the sequence results in motion of the motor in opposite direction, thus
bidirectional motion can be realized without any additional complexity.
Left clamp

Plate

Right clamp

(I)

(IV)

(II)

(V)

(III)

(VI)

Figure 1: Walking sequence of a shuffle motor: (I) left clamp activated; (II) deflection of the plate causes
longitudinal contraction; (III) right clamp activated; (IV) left clamp released; (V) stretching of the plate moves
the left clamp; (VI) left clamp activated.

The fabrication of the shuffle motor presented in Figure 2 requires proper electrical insulation
and at the same time mechanical connection between the clamps and the plate [6]. The
vertical trench isolation technique [7] and appropriate surface micromachining of the
structural and functional layers consisting of polycrystalline silicon and SixNy guarantees
successful fabrication and operation of the device. The motor is suspended by connection
springs, which guide its motion and provide voltage signals to the clamps and the plate. The
springs are fabricated from a 5.5 μm thick polycrystalline silicon layer and are suspended at
1.95 μm above the substrate. The device with a total size of 412 x 286 μm2 (plate: 180 μm
long and 1.15 μm thick) provides a step of 50 nm at stepping frequency of 1 Hz and 45 V
actuation voltage for the clamps and the plate. The maximum displacement range of the motor
was limited to ± 70 μm by the suspension design. The velocity is nearly linear with the
3
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cycling frequency over the measured range, with a maximum velocity of 3.6 mm/s at 80 kHz.
A maximum output force of 1.7 mN was measured at an actuation voltage of 55 V. The motor
achieved a force density of 9651 N/(m3V2) and a power density of 1.05⋅105 W/m3, which are
the highest values reported so far for electrostatic microactuators [8]. A lifetime test was
carried out at a cycling frequency of 80 kHz lasting for 5 days, which is equivalent to
approximately 34 billion steps (a displacement of 1.5 km), and there was no noticeable
performance change of the shuffle motor.

Figure 2: Scanning electron micrograph of the bidirectional shuffle motor.

For many applications it is important to provide planar motion, which means that two
translational degrees of freedom (2DOF) have to be enabled, and with their combination
every position within a certain area should be reachable. Such application, which requires
reliable X-Y stages, is the scanning probe array memory [9, 10].
A combination of two bidirectional shuffle motors orthogonally placed relative to eachother or integrated in one and the same device, as shown in Figure 3, is the result of
investigations directed towards powerful X-Y stages with large displacement range.

Figure 3: (a) sketch of the 2DOF shuffle motor; (b) scanning electron micrograph of the fabricated device.
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The operation of the 2DOF shuffle motor is shown in Figure 4, while the actuation
sequence of the device is described in [11]. The motor was driven in the frequency range up
to 80 kHz, showing a fairly linear relation between speed and stepping frequency. It was
successfully operated below and above the pull-in instability of the cross-plate, resulting in
adjustable step size from 0.5 to 3.5 nm and from 41 to 63 nm, respectively. A relatively high
output force of 0.92 mN was measured for operation above the pull-in instability (at 45 V on
the cross-plate and 36 V on the clamps). The maximum displacement range of the motor was
±30 μm, limited only by the design layout.

Figure 4: Operation of a 2DOF shuffle motor: (a) downwards; (b) upwards; (c) left; (d) right.

The shuffle motors presented are promising candidates for positioning recording medium
in probe-based data storage systems due to their small size, large force, high speed, high
positioning resolution, reliability and low power consumption. They are also credited by their
exceptional performance for applications using X-Y microstages (e.g. sample manipulation
for various chemical or structural analyses).
3

DISPLACEMENT SENSOR FOR NANO-POSITIONING MICROSYSTEMS

Provided that nanometer position accuracy can be obtained over a large displacement range
(tens of μm), microactuators have a high potential in probe memory applications [10, 12],
scanning probe microscopy [13], bio-physical applications (e.g. DNA analysis [14], neuron
analysis in neurophysiology [15]), microrobotics [16].
For a given maximum range of displacement and desired accuracy, two measurement
principles can be distinguished:
(i) non-incremental measurement (absolute);
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(ii) incremental measurement (counting).
A non-incremental measurement method measures the (change in) displacement in an
output function f(x), which preferably should be linear over the full range Xmax, as indicated in
Figure 5.
An incremental measurement method has a periodic output function g(x). The total
displacement range Xmax is divided in N units of P periods. Counting the number of units is a
relatively more simple measurement method than the non-incremental absolute measurement.
The function g(x) is used to determine the position x of the relative starting point of the actual
period. The design of the system has to be such that each period gives the same output
function g(x). This principle reduces the demands for dynamic range.

Figure 5: Schematic of the two measurement principles: the absolute and the incremental measurement principle.

The investigations on displacement sensing targeted the development of a MEMS position
sensor with nanometer accuracy over a displacement range of tens of micrometers. To achieve
this while keeping the demands of the dynamic sensing range of the sensor modest, a
combination of discrete (counting) and analog measurement techniques was investigated e.g.
incremental capacitive position sensor [17-19]. The advantage of this incremental sensing
concept is that the desired position accuracy is decoupled from the range of motion of the
actuator used for generating the displacement.
Two operating concepts can be distinguished for the capacitive position sensors:
(i) Incremental Capacitance Measurement Mode (ICMM);
(ii) Constant Capacitance Measurement Mode (CCMM).
Both concepts are based on the measurement of (changes in) capacitance between two
periodic geometries as a function of their relative displacement (Figure 6). The development
of a novel capacitive position sensor took into account the possibility to test both operation
concepts on the same device.
In the incremental capacitance measurement mode (open-loop) the capacitance between
the slider and the sense-structure changes periodically as the slider-beam moves (in x
direction). In principle by counting the number of periods as well as measuring the change in
capacitance within one period, a long-range position measurement can be obtained with high
resolution and high accuracy. Additional sense-actuators (comb-drives [2]) are used to reduce
the designed gap between slider and sense-structures, only before the measurement operation
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starts, in order to increase the capacitance Cs(x) and the capacitance variation ΔCs(x) (i.e.
Cs(x) = Cmin + ΔCs(x)).
In constant capacitance measurement mode the sense-actuators are closed-loop controlled
in order to keep the capacitance Cs constant, equal to a setpoint value Csetp (i.e. Cs = C0,
ΔCs = 0). As a result, the sense-structures will move in y direction, closely following the
pattern on the slider. The required sense-actuator voltage (i.e. the control voltage Uc(x) ) will
have the same period as the periodic geometry, and becomes a measure for the slider
displacement. This method is expected to give better signal-to-noise ratio (SNR), because for
all positions within a period the sensor capacitance is kept at a larger constant value than it is
possible with open-loop operation.

Figure 6: (a) concept of the long-range incremental capacitive position sensor; (b) optical microscope
image of a micromachined incremental capacitive position sensor.

The fabrication of the capacitive sensor is based on single-mask surface micromachining
process, similar to that described in [20]. All structural parts are patterned from a 5 μm thick
boron-doped polycrystalline silicon layer, thus the fabrication of the sensor and actuator parts
is done simultaneously. Electrostatic forces on the slider are balanced by the design symmetry
(Figure 7(a)). Finite element simulations and experimental investigations carried out on the
influence of the geometry of periodic patterns on the slider and the sense structures [21, 22]
showed that the combination of sine pattern on the slider and rectangular fingers on the sensestructures is favorable for both measurement principles.
This was the preferred configuration also for testing the capacitive sensor for position
measurement accuracy. The incremental capacitance measurement mode permitted position
measurement with an accuracy of 12 nm, while the constant capacitance measurement mode
provided a mean absolute position uncertainty of 8 nm over a total displacement range of 32
micrometers.
Further improvement of the accuracy is possible by increasing the height of the structures
which will result in an increase of the capacitance change ΔC(x), and will decrease the
thermo-mechanical noise and the sensitivity to external inertia-impulses. It is estimated that
the combination of the measurement technique with image analysis should improve the
resolution to below 5 nm at a bandwidth of ~ 1Hz.
7
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Figure 7: (a) scanning electron micrograph of the capacitive position sensor; (b) close-up of the periodic
structures on the slider and the sense-structures.

4

ATOMIC FORCE MICROSCOPY BASED SURFACE MODIFICATION

Atomic force microscopy (AFM) is a very important technique in surface science. Its
application is ever increasing since it was invented [23], recent developments enable
nanolithography [24, 25] or different biochemical and biophysical applications at nano-scale
[26, 27]. The trend of the research in this field is to improve and develop tools or techniques,
which would expand the application of the atomic force microscopy.
An in situ characterization technique of surface modification was developed recently [28],
which is enabled by an AFM-probe with special configuration. This considerably improves
previously used techniques in surface tribology investigations (e.g. wear, friction) [29], which
used the same tip for surface modification and then characterization. The contribution of the
in situ characterization technique to nanotribological and reliability-related applications is that
surface modification can be monitored at the same time as generated (e.g. in one and the same
scan-line), because the topography and/or friction image obtained with the probe comprises a
modified and an unmodified (reference) region.
The probe consists of two cantilevers separated by a given distance that allows to a
certain extent overlap of the scan ranges of the two tips (Figure 8). A test surface located on a
multifunctional cantilever generates the change of the surface topography within its scan
range (rubbing range), while a sharp tip on another so-called detection cantilever detects in
situ the created topography modification within its scan range. The scan range of the detection
tip determines the size of the obtained image, because the laser beam is focused only on the
detection cantilever. The image consists of two parts: the first, where the rubbing and the
detection ranges overlap is the modified region, and the other part within the detection range
but outside the rubbing range is the reference region.
Due to the inclined mounting of the device in an AFM it is possible to exert dissimilar
normal forces on a sample surface with the two cantilevers. Therefore, the contact force on
the detection tip can be very small compared to that on the test surface of the multifunctional
cantilever, which makes that the surface modification within the reference region is
8
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insignificant or unperceptable.

Figure 8: Working principle of the in situ characterization of topography modification.

The bottom side of the fabricated probe is shown in Figure 9(a). Practical use of the
technique is the determination of surface modification history, determination of the removal
of thin film coatings [28], controlled nanopatternig due to mechanical surface modification.

Figure 9: (a) bottom view of a fabricated AFM probe for in situ characterization of surface modification; (b) in
situ wear test on a silicon surface. The image is built up from subsequent scanning along a single line. The depth
of the wear-track increases from 0.2 nm (1st scan) to 1.3 nm (256th scan) as scanning proceeds.

Figure 9(b) illustrates an example of surface modification history. When the slow scan axis is
disabled and scanning occurs along a single line, the image is built up from topography (or
friction) information of subsequent scan cycles. A silicon surface with a roughness of
Ra~0.4 nm was chosen as sample, and the test surface on the multifunctional cantilever of the
AFM probe was square shaped with 5 μm sides. The load on the detection tip was optimized
so that the surface was not damaged due to scanning with the tip, while the force applied on
9
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the edge of the square test surface was 0.4 μN. Scanning resulted in a wear-track which depth
increased from 0.2 nm for the first scan to 1.3 nm for the 256th scan cycle.
Surface modification can also be achieved by other means than mechanical action. Local
fluid dispensing, in a controlled manner, is another possibility for surface functionalization
and modification. For the development of a new generation of AFM probes, the
Micromachined Fountain Pen (MFP), the fluidic functionality was taken into consideration.
The MFP consists of a probe-support comprising a reservoir connected to fluidic
microchannels. Figure 10(a) shows the cross-section of such probes with the microchannel
embedded in the cantilever having a tip at the free end, through which upon contact with a
surface fluid transfer occurs. The outlet of the fluidic channel can be machined at the tip of
the pyramid, at the base of the pyramidal tip or on the facets.

Figure 10: (a) cross-section along the multifunctional cantilever of the fountain pen probe for two different
configurations; (b) scanning electron micrograph of a fabricated fountain pen probe.

Liquid deposited in the millimeter-sized reservoir located in the support of the AFM probe
cantilevers (Figure 10) is transported to the probe-tip by capillary action. The fluid flow in the
microchannels was observed under optical microscope (Figure 11(b)), and it was
demonstrated by measurement of the resonance frequency shift of the cantilever with water
filled channels to that of the cantilever with dry channels [30]. The fabrication of the
micromachined fountain pen is based on the fabrication of standard SixNy AFM probes
combined with additional techniques for the fluidic functionality [31]. The inner cantilever
serves for additional inspection possibility or in situ characterization of surface modification.
When the tip is brought into contact with a substrate, thin lines can be written (Figure 12),
virtually infinitely as long as there is ink in the reservoir. Potential advantages with respect to
the well known “dip pen” operation [32] is that it is less dependent on environmental
conditions (in particular humidity of the surrounding air), and that inks might be changed
during writing.
For proof of concept ink consisting of 1-octadecanethiol (ODT) dissolved at 0.1 mM in
CH2Cl2 was selected. The ink forms a Self-Assembled Monolayer (SAM) when brought into
contact with a gold surface. The substrate was 20 nm thick sputtered gold on Si wafer.
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Figure 11: (a) scanning electron micrograph of the cantilevers of the fountain pen probe (channel size: height
0.25 μm, width 2 μm); (b) optical microscope image of the meniscus in the microchannel.

Each line in Figure 12(a) was generated by 5 scan cycles in the direction orthogonal to the
longitudinal axis of the cantilever, while the slow scan axis was disabled. The contact force
was 1 nN and the scan speed 4 μm/s. The thinnest lines generated by adsorption of SAM on
gold surface were 0.5 μm wide. It is estimated that the width of the lines is determined by the
diffusion and wetting due to continuous ink flow, besides the effect of the sharpness of the tip
and the roughness of the sample surface. Optimization of the tip geometry, ink flow-rate and
smoothness of the sample surface could further decrease the critical width.

Figure 12: (a) ODT pattern on sputtered Au. Writing conditions: contact force of 1 nN, scan speed of 4 m/s and 5
scan cycles per line; (b) lines etched with Cr etchant Selectipur® into sputtered chromium at 5 μm/s scan speed
and 5 nN contact force.

Patterns can be generated by combined chemical-mechanical action. Two lines were etched
with Cr etchant Selectipur® solution into a sputtered chromium film at 5 nN contact force and
5 μm/s scan speed, as shown in Figure 12(b). The thinnest line obtained with this technique
was 0.35 μm wide for 14 nm depth.
The MFP probe enables AFM-based electrochemical metal deposition by connecting the
gold layer on top of the probe (anode) and the substrate, on which metal deposition is
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intended (cathode), to a source (Figure 13(a)). The electrical circuit is closed via the
electrolyte solution. The deposition is voltage controlled since the electrical current used for
this application is very low [33]. The proof of principle was demonstrated by deposition of
copper lines on chromium substrate from CuSO4 electrolyte solution at 0.4 μm/s scan speed
and 10 V DC. The average height of the lines shown in Figure 13(b) was 3 nm, while the
width was varying between 250-300 nm. The discrepancy of one order of magnitude between
theoretical estimations and experimental measurements of the volume of deposited copper
suggests that it is essential to understand the electrochemistry in the fluid mediated tipsubstrate contact.

Figure 13: (a) principle of the electrochemical deposition with fountain pen probe using AFM; (b) three 20 μm
long copper lines deposited onto a chromium substrate at 0.4 μm/s scan speed. The average height of the lines is
3 nm, while the width is between 250-300 nm.

Although the results presented are very promising and prove the potential of the new
AFM-based applications, further optimizations have to be carried out on fluid flow-rate, ink
or electrolyte concentration and composition, choice of substrate material, in order to improve
the resolution, predictability and to guarantee reproducibility.
5 CONCLUSIONS AND DISCUSSIONS
Microelectromechanical systems can be successfully used in nanoscience. The
importance of the MEMS devices as tools and instrumentation for nano-scale applications
was demonstrated.
Microstages based on shuffle motors combine high positioning resolution and large
output force in a small area. The shuffle motors achieved the highest force and power
density so far for reported electrostatic microactuators. They are credited by their exceptional
performance for applications using X-Y microstages such as sample manipulation for various
chemical or structural analyses, high-density probe array memory etc.
Nanometer position accuracy over a relatively large displacement range (tens of
micrometers) is important for nano-scale applications like scanning probe microscopy, biophysical and chemical applications. A long-range capacitive position sensor was developed
which can be operated in two modes: incremental capacitance and constant capacitance
measurement modes. The results obtained were very promising and there is still possibility for
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further improvement, which would bring the measurement uncertainty below 5 nm.
Developments of new techniques and tools expand the application field of the atomic
force microscopy. A new technique was developed, which enables detection of surface
modification with subnanometer vertical resolution due to in situ comparison between
modified and unmodified regions contained in the same image. The major advantage of the
technique is that the surface modification history can be determined for various experiments,
e.g. the material removal and redistribution along a wear-track; topography, friction and
adhesion change due to chemical action of a fluid dispensed locally through an AFM probe
with fluidic functionality.
Successful operation of the micromachined fountain pen probe was shown by carrying out
various AFM-based applications requiring continuous fluid supply. The utility of the probe
was proven in nanolithography such as writing with self-assembled monolayers on gold
surface, and by removing materials locally using combined chemical-mechanical action. The
fountain pen probe also enables a novel AFM-based application, the electrochemical metal
deposition. This technique potentially enables prototyping of three-dimensional
nanostructures for various nanotechnology related applications such as nano-electronics by
creating nano-electrical components; chemical applications by constructing nano-electrodes to
trap atoms or molecules in nano-gaps for further analyses; bio-physical applications in which
cells can be stimulated by nano-sized electrodes and subsequently monitored; and nanomechanics by prototyping nano-electromechanical systems for sensing and actuation
purposes.
Combination of the 2DOF shuffle motor stage, the long-range capacitive sensor and the
developed AFM probes could potentially provide a new instrument, a miniaturized atomic
force microscope. Besides the conventional applications the miniaturized AFM could open
new opportunities due to its reduced size.
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