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Abstract— Nanopositioners are high-precision mechatronic
devices that are capable of generating mechanical motion with
nanometer or sub-nanometer resolution. With this motion typically being available over mechanical bandwidths of several
kilohertz or greater, nanopositioners have become important
tools for many areas of nanotechnology. A major development
in nanopositioning has been the use of microelectromechanical
systems (MEMS) fabrication processes to produce microscale
nanopositioners. These MEMS-based devices are conceptually
similar to their macroscale counterparts, typically comprising
an end effector, actuators, sensors, and suspension structures.
However, MEMS nanopositioners potentially offer additional
significant advantages as a result of their microfabricated nature,
including a much smaller footprint, higher bandwidth, batch
manufacturability, and potential for integration with electronic
circuits. This paper reviews key concepts regarding the design,
actuation, and sensing of MEMS nanopositioners, and explores
how they have been implemented in state-of-the-art devices within
a range of nanotechnology applications.
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Index Terms— Micro electromechanical systems (MEMS),
nanopositioning, system-on-chip, microsensors, micro actuators.

I. I NTRODUCTION

T

HE NEED for repeatable, ultra-high-precision mechanical motion has been a driving factor for the growing
use of nanopositioners in a range of nanotechnology applications. Their ability to provide dynamic positioning with
nanometer or sub-nanometer resolution has prominently seen
nanopositioners become a vital component of scanning probe
microscopes [1], [2]. In addition, these versatile mechatronic
systems are increasingly used to perform important roles
in applications such as probe-based data storage, micro/
nano-manipulation, and nanolithography [3]–[5].
Nanopositioners have traditionally been realized as
macroscale systems, however continuing advances in microelectromechanical systems (MEMS) fabrication techniques
have recently fostered the development of microscale
nanopositioning systems. Not only is the performance of these
devices comparable to that of macroscale nanopositioners, but
the ability to provide precision mechanical motion within a
MEMS-sized package has enabled new research opportunities
within many areas of nanotechnology.
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Fig. 1. Components of a generic nanopositioner. The actuation mechanism
produces the force or torque required to move or rotate the stage. To enhance
the nanopositioner’s precision, sensing mechanisms can be also implemented
and the nanopositioner can be used in closed loop.

This paper provides a comprehensive review of the current
state of MEMS-based nanopositioners, including their operation, design, and notable applications. Section II provides
a general introduction to nanopositioning systems, and discusses the characteristics that can be used to classify various
nanopositioner designs. To provide historical and technical
context for the development of MEMS-based nanopositioners,
Section III discusses macroscale nanopositioners and their
key design concepts. Section IV provides an introduction to
MEMS nanopositioners, while their actuation and displacement sensing mechanisms are reviewed in Section V and
Section VI, respectively. An analysis of relevant structural
design considerations for MEMS nanopositioners is provided
in Section VII, followed by a discussion on the use of closedloop control in Section VIII. Finally, Section IX provides
a thorough review of the use of MEMS nanopositioners in
current and emerging applications.
II. NANOPOSITIONING S YSTEMS
The main components of a generic nanopositioner are symbolically represented in Fig. 1. Actuators are used to provide
the necessary force or torque to move the end effector, also
referred to as the stage. The mechanical suspension system
harnesses the output of the actuators to produce a displacement
or rotation of the end effector, resulting in the desired highprecision mechanical motion.
A nanopositioner can be used both in open loop and
closed loop. In open-loop operation, knowledge of the static
relationship between the input to the actuator and the resulting
displacement is used to achieve the desired mechanical motion.
This approach results in a relatively simple system implementation, with the use of position sensors not being required.
However, in order to achieve high positioning accuracy in the
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presence of uncertainties, disturbances, and nonlinear effects,
the use of a closed-loop system is necessary [6], [7]. In this
case, a feedback control system uses real time measurements
of the controlled variable, i.e. the position of the end effector,
to maintain its displacement at the desired setpoint. These
position measurements can be obtained by adding displacement sensing mechanisms to the nanopositioner.
The performance of a given nanopositioner can be typically
assessed in terms of a number of performance-related criteria,
as described below [7]–[9]. The trade-offs that exist between
the various design parameters of a nanopositioner are then
discussed.
A. Degrees of Freedom
The number of possible ways in which a nanopositioner’s
stage/end effector can independently translate or rotate is
called its degree of freedom (DOF). The specific application
typically determines the number of DOFs required.
B. Displacement Range
The maximum displacement or rotation angle which can
be achieved for each degree of freedom of a nanopositioner
is another important parameter which should be considered
when comparing devices. A nanopositioner’s total displacement range along a single axis can vary greatly depending on
the mechanical design and the type of actuators implemented,
however typical values tend to range from a few micrometers [10] to tens or hundreds of millimeters [11], [12].
C. Resolution, Accuracy, and Repeatability
Resolution is the smallest displacement increment which
can be achieved at the output of the nanopositioner. This
parameter is normally defined based on the position noise at
the output of a nanopositioner, which can be a combination
of the noise from various sources such as the sensor and
the actuator. The type of actuation used by a given device
affects the achievable resolution; for example, nanopositioners
with electrostatic actuators often feature nanometer or subnanometer resolution, while nanopositioners with a discretestep output such as ‘inchworm’ devices may have a resolution
of several micrometers [13]. For a nanopositioner operating
in closed loop, the displacement sensor’s output noise can
also feed back into the system. This noise, also known
as projected noise, will be present at the nanopositioner’s
output [7]. This reduces the positioning resolution of the
nanopositioner and should be alleviated by a properly designed
controller [14], [15].
The accuracy of the nanopositioner represents how close
the actual achieved position of a nanopositioner is to the
expected position. The positioning accuracy is affected by two
major sources, deterministic errors and stochastic errors. The
level of deterministic error is also known as the trueness, and
it originates from nonlinearities such as friction and backlash in the system and hysteresis in the actuator. Stochastic
errors in the nanopositioner’s accuracy is also referred to
as the device’s precision and can be evaluated through the
repeatability property of the nanopositioner [16]. To determine

repeatability, the device is actuated with the same independent
command signals to reach a desired position multiple times.
The test may also be performed using different nanopositioners
with the same design. The statistical measure of the output
displacements for a given input can then be considered as a
measure of the repeatability of a nanopositioner [17]. In the
case of using multiple devices, the nanopositioner’s precision
can be obtained using the Euclidean norm of the measured
repeatabilities [16].
D. Bandwidth
The bandwidth of a nanopositioner is a determinant of the
range of input frequencies that can be successfully tracked by
the device, and it effectively influences the potential speed of
the system in a given positioning task. In devices that can be
modeled as a second-order system, the bandwidth is typically
close to the natural frequency of the system [18]. In closed
loop, the bandwidth can be defined as the frequency range
prior to the point where the amplitude of the stage’s motion
due to a small input scanning signal drops by 3 dB.
E. Cross-Coupling
Cross-coupling refers to the level of displacement or rotation
that is produced along one degree of freedom of the nanopositioner when it is actuated to move in other degrees of freedom.
This ratio is usually reported in units of dB, and is considered
to be an important parameter when assessing the performance
of multiple-DOF nanopositioners. By minimizing the level
of cross-coupling between displacement axes, nanopositioners
can potentially achieve a higher positioning accuracy with less
control effort. An example of the adverse effect of crosscoupling can be seen within scanning probe microscopes,
where excessive levels of cross-coupling within the embedded
nanopositioner can produce artifacts known as bow distortion
in the obtained images [19]. While the artifacts can be removed
to some extent using image reconstruction methods [20],
having a nanopositioner with a negligible amount of crosscoupling can pave the way toward achieving faster and more
precise atomic force microscopes (AFMs).
Cross-coupling can be nonlinear and positiondependent [14] and it can be treated as unmodeled
dynamics of the system for the purpose of control [6]. This
phenomenon is also frequency-dependent, becoming more
pronounced at the nanopositioner’s resonance frequencies;
this consequently introduces more tracking error during
high-speed scans [21], [22].
The mechanical design of the nanopositioner, the finite
stiffness of the mechanical flexures along their degrees
of constraint (see Section VII), and potential fabrication
imperfections can lead to cross-coupling in nanopositioners.
In Section III we explain a number of mechanical designs of
nanopositioners and their possible cross-coupling properties.
Sensors can also become cross-coupled with other axes,
i.e. they can erroneously measure the deflection of the nanopositioner along other directions. This effect is investigated for
tube scanners in [23] and in a MEMS nanopositioner in [24].
In the former example, cross-coupling occurs due to the
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mechanical design and in the latter it occurs due to the fact
that the sensors were not directly measuring the stage as the
end effector.
Mechanical cross-coupling can be reduced by carefully
considered mechanical design. In addition, instead of using
a multi-DOF nanopositioner, multiple nanopositioners with
a smaller number of DOFs can be used to suppress crosscoupling. For example, in AFM applications, the in-plane
nanopositioner can be designed to be separate from the outof-plane nanopositioner to eliminate the cross-coupling from
the XY plane to Z [19], [21]. In closed loop, the parasitic displacement originating from cross-coupling can be considered
to be an additional disturbance entering the loop, and can be
canceled using an appropriate control algorithm [21]. Control
issues relating to MEMS nanopositioning are further discussed
in Section VIII.
F. Design Trade-Offs
For the design of both macro- and micro-scale nanopositioners, there are trade-offs between the number of degrees of
freedom, displacement range, resolution, and the bandwidth of
the device. For instance, the achievable stroke and bandwidth
oppositely vary with the stiffness of the nanopositioner’s flexure mechanisms, which therefore affect these two properties
in a contradictory manner. This trade-off is highlighted in a
comparison of high-performance piezoelectric nanopositioners presented in [8, Fig. 6]. There, a range of commercial
and custom-designed nanopositioners are presented in a plot
with respect to their displacement range (R) and their resonance frequency ( f ), where a trend line approximated by
R = 30688 f −0.916 is reported.
Range-over-resolution is the other design parameter in
nanopositioners which reflects the trade-off between achieving
a large displacement range and a high resolution simultaneously. This factor can be enhanced by minimizing external
disturbances and the noise level of both the sensing mechanism
and control electronics [11], [25].
Some scientific and technological applications, however,
require positioning devices with a displacement range of up
to several centimeters with nanometric resolution/accuracy.
Scanning probe microscopes (SPMs) for metrological applications [25]–[27] and lithography tools [28] are among the
examples of these applications. Unidirectional actuators such
as inchworm motors, walking motors, and piezo linear motors
are proposed in the literature and are commercially available to
meet such requirements. A displacement of a few centimeters
with nanometer and sub-nanometer accuracy are reported
for these devices (refer to [29, Table 2.1]). These actuators, however, typically exploit a stick-slip mechanism, which
induces vibrations and reduces the positioning precision during
high-speed operation. These mechanisms can also suffer from
a short fatigue life, particularly if driven at a high speed [6].
Employing dual-stage mechanisms is another design strategy for achieving nanopositioners with a high bandwidth and
a high range-to-resolution ratio in one or multiple degrees
of freedom. In this approach, one stage is used to provide
coarse positioning over a large travel range, normally with a
lower resolution and bandwidth, while a second stage cascaded
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with the first provides high-bandwidth positioning with the
required final resolution. Using this method, simultaneously
achieving a high bandwidth and displacement range becomes
possible, as demonstrated in [30]. Here, a dual-stage 1-DOF
nanopositioner is reported to reach a displacement range of
10 μm with a large bandwidth of 130 kHz. This design can
be favorably compared with the single-stage 1-DOF nanopositioner designed for high-speed SPMs in [31], which has a
resonance frequency of 150 kHz and a 1.56 μm stroke. A dualstage 2-DOF nanopositioner is implemented in [32] to achieve
a large range-to-displacement ratio for AFM applications.
Along each axis, the coarse stage is capable of 50 mm displacement and the fine stage produces a 15 μm displacement
with sub-nanometer resolution. Three large stroke, dual-stage
nanopositioners (featuring a range of a few millimeters to a
few centimeters) are implemented in a “Molecular Measuring
Machine” to position a scanning tunneling microscope (STM)
probe for nanometer-resolution metrology applications in [25].
Dual-stage configurations are also viable for MEMS
nanopositioners, as demonstrated in [16]. In this case,
a bi-stable mechanism with a 52 μm travel range between
two separate points is implemented as the coarse stage, while
the fine stage has a continuous travel range of 8 μm and a
resolution and repeatability of 170 nm and 124 nm, respectively. Implementing a dual-stage mechanism using MEMS
technology can become a challenging task in terms of the
integration of the two stages. Using a macroscale positioner
as the coarse positioner cascaded with a MEMS nanopositioner
functioning as the fine positioner can mitigate this implementation problem.
III. M ACROSCALE NANOPOSITIONERS
Nanopositioners have historically been largely designed
using a macroscale approach, where the dimensions of the
device itself are many orders of magnitude greater than the
nanometer-range resolution they aim to provide. An example
of an early nanopositioner design was implemented in the first
STM reported in [33]. As shown schematically in Fig. 2a,
the nanopositioner is simply comprised of three piezoelectric
stacks arranged orthogonally, with one end of each stack being
clamped and the other being connected to the end effector,
i.e. the STM tip.
The design of macroscale nanopositioners has dramatically
evolved since the introduction of this device, with two of the
most common types of nanopositioner in use today being the
piezoelectric tube scanner and the flexure-guided nanopositioner. An overview of these two devices is presented below.
A. Piezoelectric Tube Scanner
A majority of the macroscale nanopositioners within the
literature are proposed for use in scanning probe microscopes, and particularly within AFMs [2], [34], [35]. One of
the more common macroscale nanopositioners within recent
decades has been the piezoelectric tube scanner [8]. Originally
designed for use with the STM [1], this nanopositioner remains
popular in nanoscale positioning applications such as atomic
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augment the damping of the highly resonant behavior of the
tube and reduce its cross-coupling, therefore improving the
scanning performance of the tube.
Despite the popularity of tube nanopositioners, they suffer
from a number of drawbacks. Their primary deficiency is their
relatively low operational bandwidth; typically, the bandwidth
of a piezoelectric tube scanner is less than 1 kHz [41]. When
operated in open loop, this makes the nanopositioner prone
to unwanted scan-induced vibrations. In addition, due to the
mechanical design of these nanopositioners, a large amount
of cross-coupling is often observed between the three axes
of motion, i.e. between the X and Y axes and from the
X/Y axis to the Z axis [8], [42], [43]. As a result, other types
of nanopositioner have seen increasing use, with the flexureguided nanopositioner having become a preferred choice in
applications where fast and accurate positioning is required.

Fig. 2. (a) Schematic of a simple piezoelectric nanopositioner, used for
positioning of an STM tip in three dimensions. (b) Schematic of a 3-DOF
piezoelectric tube scanner with a dedicated Z-axis actuator. The top view
shows the signal configuration for a lateral axis actuation. (c) The lateral
deflection of the tube.

force microscopy as it is a relatively simple and cost-effective
method of obtaining three-axis positioning [36].
As shown in Fig. 2b, this nanopositioner typically consists of a tube of radially-poled piezoelectric material that is
mechanically clamped at one end. Four sectored electrodes
are arranged around the outer circumference of the tube,
while a common electrode is positioned along the tube’s inner
surface. By applying a voltage to one of the outer electrodes,
the tube produces a bending motion that results in in-plane
motion (along the X and Y axes) as illustrated in Fig. 2c.
Actuation voltages with opposite polarities can also be applied
to electrodes on opposing sides of the tube, which will double
the magnitude of the bending.
To achieve displacement in the Z direction, all four electrodes are driven simultaneously. Alternatively, a separate
electrode or an additional piezoelectric actuator can be implemented to obtain Z-axis motion.
The displacement of the tube in all directions can be
measured by implementing external non-contact displacement
sensors, such as capacitive sensors [37]. The output of these
sensors can then be used as part of a closed-loop system
to improve the tube’s scanning characteristics [37], [38].
Piezoelectric electrodes similar to those used for actuation can
also be used for sensing, which eliminates the need for the
implementation of external displacement sensors. As investigated in [39], using piezoelectric sensing offers an improvement in noise performance of approximately three orders of
magnitude compared with capacitive sensors. In [39], a piezoelectric tube with twelve external electrodes was demonstrated,
with the function of the electrodes being distributed between
actuation and displacement sensing. Using piezoelectric electrodes simultaneously for both sensing and actuation was also
attempted in [40]. This method was used in a closed loop to

B. Flexure-Guided Nanopositioners
In flexure-guided nanopositioners, compliant mechanisms
are normally used as the suspension system [8], [44]. These
devices are typically fabricated using a monolithic structure
and feature flexible mechanisms that elastically deform to provide accurate and repeatable displacements. In contrast to the
piezoelectric tube scanner, the flexure-guided nanopositioner
offers a desirable combination of low cross-coupling and high
bandwidth in a relatively compact form factor [8], [35].
Flexure-guided nanopositioners typically forgo the use of
traditional joints in order to avoid nonlinear phenomena
such as friction, backlash, and wear arising from linear and
rotational bearings and sliders [8], [34]. Such issues limit
the nanopositioner’s achievable precision and necessitate the
implementation of complex control systems for compensation.
In addition, the use of a flexure-based suspension system
allows for a reduction in the number of moving parts within
the nanopositioner, leading to a potential increase in the
nanopositioner’s bandwidth.
Analytical modeling, as extensively investigated
in [45] and [46], and finite element analysis can be
used for the design of flexure-guided nanopositioners. The
traditional kinematic synthesis may also be exploited for
the design, provided that a proper approach is used to
model the flexible components as rigid parts plus traditional
joints. Pseudo-rigid-body modeling (PRBM) is among these
methods, which employs an equivalent rigid-body mechanism
for the modeling of the force-displacement relationship of
compliant elements while their compliance is modeled as
torsional springs around joints. This design approach is
adopted in [29] for the design of an XY nanopositioner using
a Roberts mechanism. Apart from PRBM, there are several
other methods for compliant mechanism synthesis, which are
broadly explored in [45].
The mechanical suspension mechanism for a flexure-guided
nanopositioner can generally be realized using one of two possible configurations: a serial kinematic mechanism (SKM) or a
parallel kinematic mechanism (PKM). These two mechanisms
are schematically shown for a 2-DOF nanopositioner in Fig. 3.
The SKM nanopositioner in this case has two stages: an outer
stage, which moves along the X axis, and an inner stage that
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Fig. 3.
Two mechanisms for the implementation of 2-DOF MEMS
nanopositioners: (a) SKM, and (b) PKM.

moves along the Y direction and contains the nanopositioner’s
end effector. The inner kinematic chain is embedded within
the outer stage, and due to this additional embedded mass,
the resonance frequency of the device along the X axis is
expected to be lower than for the Y axis. The actuation and
sensing electrical tracks of the inner kinematic chain typically
pass through the outer stage, which may result in added
complexity in the design of the nanopositioner. In addition, the
stages in an SKM should be mounted and/or fabricated relative
to each other with high precision to achieve highly accurate
motion for the end effector (stage). However, one advantage of
the SKM nanopositioner is that the level of mechanical crosscoupling between its axes of motion can be significantly lower
than for PKM nanopositioners.
In PKM nanopositioners, the kinematic chains are directly
connected to the main stage, as shown in Fig. 3b. The
chains are normally designed to be symmetrical, thus identical
static and dynamic behaviors are expected in each direction.
Properly designed mechanical elements should be used to connect each kinematic chain to the main stage. These elements
should transfer force/displacement to the stage from their
corresponding kinematic chain and simultaneously provide
enough compliance along the other axes to allow the stage
to have multiple degrees of freedom. Such mechanical elements include clamped-guided beams (also known as tethering
beams [47], [48]) as shown schematically in Fig. 3b, as well as
double parallelogram flexures [11], and Ω-type flexures [49].
Two high-bandwidth nanopositioners are presented
in Figs. 4a and 4b as examples of PKM and SKM
nanopositioners that are designed to be used in SPMs. Fig. 4a
shows a 3-DOF piezoelectrically-actuated nanopositioner,
as reported in [50]. The lateral axes are implemented as
a PKM, while the Z-axis positioner is embedded within
the in-plane stage. The first resonance frequency of all
three axes is reported as 11.3 kHz, and the nanopositioner
has a displacement range of 7 μm × 7 μm × 4 μm. Capacitive
sensors plus piezoelectric strain sensors are implemented
for displacement measurement. In Fig. 4b, an example of
an SKM nanopositioner with 3-DOF is shown [22]. In this
design, one piezoelectric actuator moves the entire mechanical
mechanism along the Y axis, while an X-axis actuator
moves the inner flexures and the sample platform. A Z-axis
piezoelectric actuator is additionally embedded within
the sample platform. Tapped flexures are implemented

Fig. 4.
(a) A 3-DOF PKM nanopositioner with piezoelectric actuators
and capacitive sensors, reported in [50]. (b) A 3-DOF SKM flexure-guided
nanopositioner, reported in [22]. The capacitive sensors are not shown. The
serial and parallel kinematic mechanisms are visible in the nanopositioners’
structure. (c) A 2-DOF PKM nanopositioner reported in [11] that uses VCAs
for actuation along both axes. Two types of sensing mechanism with different
ranges and resolutions (optical encoder and capacitive sensor) are used for
each direction. © ASME. Reprinted with permission from [11].

in the device, and first dominant resonance frequencies
of 4.5 kHz, 20 kHz, and 68 kHz are obtained for the
X, Y, and Z axes, respectively. Capacitive sensors are used
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for direct measurement of the inner stage, and in-plane and
out-of-plane displacement ranges of 8.5 μm and 3 μm are
experimentally demonstrated.
Piezoelectric actuators are the predominant method of actuation in macroscale flexure-guided nanopositioners [2], [10],
[22], [31], [34], [35], [51]–[53]. These actuators are capable
of producing a large force within a small displacement range
with high precision. In particular, PZT piezo stack actuators
are common in flexure-guided nanopositioners, and are used
in the nanopositioners in Figs. 4a and 4b. These actuators
provide a large force and precise displacement but do not
tolerate tensile forces, which restricts their use in high-speed
applications. This problem has been mitigated by incorporating
various preload mechanisms, as reviewed in [54].
The relatively small stroke of piezoelectric actuators is
a potential limitation, however this can be circumvented
by using amplification mechanisms, as in the nanopositioners presented in [51] and [55]. In [55], a travel range
of 963 μm is achieved. Using an amplification mechanism,
however, reduces the nanopositioner’s stiffness and consequently reduces the achievable bandwidth. PZT actuators also
show significant nonlinearities such as creep and hysteresis,
requiring the implementation of high-performance controllers.
As also discussed in Section II-F, quasi-static and ultrasonic piezo-motors with a repetitive actuation mechanism are
more common for the realization of larger-stroke positioners.
However, impact-induced vibrations (particularly in quasistatic motors), generated heat, and low fatigue life are among
the major shortcomings of these actuators.
Various types of magnetic actuators are also used for the
realization of macroscale nanopositioners. Nanopositioners
with magnetically-levitated actuation, such as the 6-DOF
nanopositioner presented in [56], are an example of commercially available devices that are able to deliver a large stroke
with a resolution of a few nanometers. Direct-drive linear
motors are another form of magnetic actuation that can provide
a large displacement range, carry a large payload, and provide
a tracking error within a range of a few micrometers [57], [58].
These magnetic actuators normally suffer from highly nonlinear characteristics [57], [58] and have a complex electromechanical design. Voice coil actuators (VCAs), on the other
hand, have a relatively simple structure and are used both in
macroscale [59] and MEMS nanopositioners [60]. In [11],
VCAs are implemented in a 2-DOF PKM nanopositioner,
achieving a travel range of 10 mm as shown in Fig. 4c. VCAs
are comprised of two parts, a permanent magnet plus the back
iron, and the coil. Either of these parts can function as a
stator with the other as the mover [61]. Either configuration
comes with some drawbacks, which potentially degrades the
performance of nanopositioners that utilize these actuators.
When the coil operates as the moving part, heat dissipation in
the coil as well as wiring issues can compromise the achievable
accuracy. In an inverted coil VCA, where the magnet and
the back iron are the moving parts, the large additional mass
originating from the moving magnet plus the back iron can
significantly decrease the bandwidth of the device. In [61],
the moving magnet actuator (MMA) is proposed which is
an improved design of an inverted VCA with a significantly

Fig. 5. A comparison of the footprint of various types of nanopositioner. From
left to right: a piezoelectric tube scanner, a commercial Physik Instrumente
nanopositioner, a custom-designed flexure-guided nanopositioner reported
in [21], a MEMS nanopositioner.

smaller moving mass. The actuator is also incorporated in a
1-DOF nanopositioner where a 10 mm range with a resolution
of 4 nm is achieved. In this case, a temperature management
system is also designed and implemented to maintain the
temperature variation of the device within an acceptable range.
In general, high power consumption and increased temperature
are the drawbacks of using VCAs and MMAs over piezoelectric actuators in nanopositioning systems. Snap-in instability
and the nonlinearity of the output force with respect to the
input current can also be sources of errors for these actuators.
IV. MEMS NANOPOSITIONERS
In addition to the continuing evolution of macroscale
nanopositioners, there has recently been increasing interest
in the development of novel nanopositioning devices that are
based on MEMS fabrication processes [7], [9], [47], [62]–[65].
One driving factor for this is the need for devices that are able
to provide nanoscale positioning using a footprint smaller than
that of typical macroscale nanopositioners. MEMS nanopositioners potentially hold a number of advantages over conventional macroscale nanopositioners. Characteristics such as
lower unit manufacturing costs, simpler bulk fabrication, and a
much smaller packaged size (as demonstrated in Fig. 5) mean
that MEMS nanopositioners represent an attractive solution
for many applications [62], [66]. MEMS technology is compatible with well-established integrated circuit (IC) manufacturing technologies, a characteristic that has been previously
exploited for the realization of various MEMS devices such
as inertial sensors and micromirrors [67], [68]. In addition,
a hybrid implementation is also possible where the MEMS
device can be separately fabricated, but mounted together with
an application-specific integrated circuit (ASIC) on a standard
platform/circuit [69], [70].
Macroscale nanopositioners often comprise a large number
of delicate parts, requiring the use of a relatively complex
assembly procedure that can impose a high manufacturing
cost on the final product. This procedure can also introduce
fabrication imperfections and errors such as misalignment,
drastically reducing the nanopositioner’s ability to perform fast
and high-precision positioning. This problem can be alleviated
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Fig. 6. Various designs of electrothermal actuators that can be used in MEMS nanopositioners. (a) Chevron actuators. (b) Hot and cold arm electrothermal
actuators. (c) Inverted-series-connected bi-morph actuation using two materials with different CTEs. (d) and (e) Single-material out-of-plane actuators.

in MEMS-based nanopositioners due to the nature of the
microfabrication processes used for their implementation.
MEMS nanopositioners have the same basic structure as
schematically shown in Fig. 1 for a generic nanopositioner.
The following sections discuss the actuation and sensing
mechanisms commonly implemented in MEMS nanopositioners. The design of appropriate mechanical suspension systems
and different control algorithms will then be explained.
V. ACTUATION M ECHANISMS FOR MEMS
NANOPOSITIONERS
The properties of the microfabrication processes used to
implement MEMS nanopositioners are a factor that defines
the actuation mechanisms that are feasible for these devices.
To date, MEMS-based nanopositioners have demonstrated a
range of actuators, including electrostatic [65], piezoelectric [49], electromagnetic [60], and electrothermal [71] mechanisms. In addition to their compatibility with microfabrication processes, other desirable operational parameters such
as a smooth and continuous output, negligible fluctuations,
sufficient output force, high speed, small form factor, low
power consumption, and low working temperature may be
considered when choosing a suitable actuation mechanism for
a given MEMS nanopositioner. The operation of the two most
common actuation mechanisms for MEMS nanopositioners,
electrothermal and electrostatic actuators [71], [72], will be
explained here.
A. Electrothermal Actuation
Thermal actuators convert the thermal expansion (strain)
of mechanical flexures to a mechanical force and/or a displacement output. Obtaining the required thermal expansion
has been demonstrated through a number of heating methods, including using changes in ambient temperature [73],
photo-thermal power absorption [74], and heating via on-chip
heaters [75]. However, the most common method of obtaining
thermal strain in MEMS actuators is via the process of Joule

heating, where passing an electrical current through a conductor produces an increase in temperature. This mechanism is
referred to as electrothermal actuation. Typically this actuation
mechanism produces a relatively large force, compared with
electrostatic actuators (described in the following section).
Using a properly designed mechanism for mechanical leverage, a large displacement can also be obtained [76], [77].
Electrothermal actuators can be implemented using a number of different topologies through which their footprint and
performance can be tailored [78]. Some the most prevalent
topologies are shown in Fig. 6 and are explained next.
Chevron-type electrothermal actuators, also known as
“bent-beam” [79] or “v-shaped” actuators, are one of the most
commonly used type of electrothermal actuator in MEMS
nanopositioners. As schematically shown in Fig. 6a, this
actuator consists of slanted beams (arms) connected to either
side of a shuttle beam, which acts as the actuator’s end
effector. Passing electrical current through the beams causes
them to heat up due to Joule heating, resulting in thermal
expansion that induces a mechanical strain within the beams.
With the mechanical configuration shown in Fig. 6a, this strain
creates a rectilinear displacement in the direction of the beam’s
apex [76], [77], [80].
The force generated by an electrothermal actuator is a function of the arms’ inclination angle and is inversely related to
their length. Higher actuating forces can be achieved by placing multiple arms in parallel, while larger displacements can
be generated by cascading several actuators in series [76], [81].
Another possible electrothermal actuator configuration uses
bi-morph mechanisms with single or multiple materials. These
mechanisms utilize the bending moment created by the heating of two materials with different coefficients of thermal
expansion (CTEs) [82]. In single-material bi-morph mechanisms, also known as pseudo-bimorph actuators [77], the
asymmetric expansion of geometrically different mechanical
arms can be used. Typically, the actuator’s arms form a serially
connected electrical circuit where the same electrical current
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flows through each arm, as shown in Fig. 6b. The different
amounts of thermal expansion experienced by these arms leads
to the production of a displacement. The pseudo-biomorph
actuator is one of the most prominent electrothermal actuators
investigated in the literature [83]–[85], and it is analytically
modeled in [82], [83], and [86].
Two types of pseudo-bimorph actuator are shown in Fig. 6b.
In the actuator with two asymmetric arms, differences in the
resistance of each arm due to their geometry result in uneven
heating when an electrical current passes through the actuator.
In this case, the “hot” (thinner) arm bends towards the “cold”
(thicker) arm due to the differences in their thermal expansion.
In this design, the heat produced in the cold arm adversely
affects the actuator’s operation, leading to a relatively lower
efficiency. To alleviate this problem and achieve a higher
efficiency, double-hot arm actuators are proposed [87]. In this
design, no electrical current flows in the cold arm.
It should be noted that due to their mechanical design,
bi-morph electrothermal actuators generally produce displacement in a curve-shaped locus. In addition, the generated
displacement is normally a nonlinear function of the actuation
voltage or driving current [83], [85], [88].
To provide out-of-plane motion in MEMS nanopositioners
with electrothermal actuators, the simplest design is perhaps
achieved with the use of bi-morph electrothermal actuators.
Single bi-morph structures, i.e. cantilevers featuring two materials with different CTEs, can be easily implemented via
thin-film deposition techniques in microfabrication processes.
While these actuators produce motion in a curved-shaped
locus, rectilinear out-of-plane motion can typically be obtained
using a constrained design, e.g. by connecting four actuators to
a stage. The micromirror presented in [89], however, features
no such mechanical constraints, instead using three serially
connected frames to provide bidirectional tilting along two
axes and out-of-plane motion with about 0.5 mm of stroke.
A large out-of-plane displacement can also be obtained
using inverted-series-connected (ISC) bi-morph actuators [90],
as shown in Fig. 6c. This actuator comprises two S-shaped
bi-morph sections that are attached end-to-end but face in
opposite directions. This configuration leads to materials with
greatly differing CTEs being arranged in a spatially alternating
configuration. An out-of-plane displacement of up to around
500 μm has been experimentally demonstrated for a modified
ISC design presented in [91].
Despite the relative simplicity of their design, the physical realization of bi-morph MEMS actuators is not always
straightforward due to restrictions in the materials that may
be used in microfabrication processes. To achieve out-of-plane
motion in MEMS, single-material electrothermal actuators that
can be implemented using a planar micromachining process
have also been proposed. One example of this actuator is
presented in [92] and is schematically shown in Fig. 6d.
To generate vertical motion with this design, the upper and
lower beams are connected to physically separate pads at
one end and are connected together at the other end by an
insulating via. By applying an electrical voltage between the
downward actuation pads, the top beams expand and cause
the actuator’s tip to move downward; the lower beams are

similarly actuated to provide upward motion. This actuation
concept is also adopted in [93] where two actuators, similar in
type to the single hot arm actuator in Fig. 6b, constitute the top
and bottom structures and are separated by an SiO2 insulating
layer. By applying different combinations of actuation signals
to the top and bottom structures, the actuator is capable
of producing both in-plane and out-of-plane displacements.
These actuators are exploited to obtain a 6-DOF MEMS
nanopositioner shown in Fig. 24.
Another mechanism for generating out-of-plane motion in
a 3D MEMS nanopositioner is proposed in [94]. As schematically shown in Fig. 6e, clamped-clamped straight beams
with notches near their anchoring points are used. After
being electrothermally heated, a longitudinal load will develop
along the beams. Due to the presence of the notches, this
load is eccentric and causes an out-of-plane displacement.
However, by increasing the actuation voltage beyond a critical
point, the longitudinal load escalates and the beams enter
into the buckling and post-buckling stages. In this condition,
the obtained displacement increases rapidly with the actuation
voltage.
B. Electrothermal Actuators in MEMS Nanopositioners
The use of electrothermal actuators for MEMS nanopositioning applications provides a number of advantages. Not
only can electrothermal actuators provide a relatively large
displacement range or large actuation force within a small
footprint, but almost all configurations of electrothermal actuators are compatible with standard MEMS microfabrication
processes. Compared to electrothermal actuators, electrostatic
actuators (described in the following section) typically require
a higher actuation voltage and a larger footprint. With similar
dimensions, the output force obtained is approximately three
orders of magnitude lower than for electrothermal actuators,
even with ten times the driving voltage [76].
However, the thermal properties of electrothermal actuators
can often result in significant drawbacks. Their thermal mass
and their rate of heat dissipation to the ambient environment
strongly affects their bandwidth [66], [95], [96], often limiting
it to a few hundred hertz. This consequently places limits on
the speeds that are achievable by electrothermally actuated
nanopositioners. Another issue is that electrothermal actuators
can also become structurally unstable if buckling occurs during
operation [97].
The limited bandwidth of electrothermal actuators is mainly
due to their sluggish cooling process at the microscale, which
has a much smaller bandwidth compared with the process of
heating with a high-power input (a difference of several orders
of magnitude). This higher heating bandwidth is exploited
in [98] to propose a mechanical frequency multiplier (MFM).
The device is a resonator comprising a pair of electrothermal
actuators (such as chevron actuators) acting in opposite directions. The actuators are driven using two actuation signals with
a small delay forcing the resonator to generate a fast mechanical pulse. In this configuration, the speed is only limited by
the mechanical bandwidth of the actuator. By driving a stage
using multiple MFMs, a high-bandwidth nanopositioner can
potentially be realized.
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Fig. 7. Schematic diagrams of various electrostatic actuation mechanisms. (a) Comb-drive actuators with constant gaps. (b) Comb-drive actuators with constant
overlapping area. (c) Parallel plate out-of-plane actuation. (d) Out-of-plane force produced in interdigitated comb fingers. (e) Linear actuation mechanism
using bidirectional comb-drive actuators with constant gaps.

The typical high working temperature of electrothermal
actuators also particularly hinders their widespread use in
applications that involve interacting with biologically-relevant
samples. In addition, their high-temperature operation can
inflict parasitic effects on a nanopositioner’s sensing system,
particularly if the sensors are based on changes in electrical
resistance [81]. Moreover, the generated heat of the electrothermal actuators can also transfer to other areas of the
MEMS nanopositioner’s mechanical structure, inducing thermal drift. Designing a symmetrical structure (thermal-centric)
can mitigate this problem, leading to better thermal
stability [98], [99].
At high temperatures, the properties of the actuator’s structural material can also change; the Young’s modulus of polysilicon decreases at elevated temperatures, and its strain-stress
curve deviates from the behavior expected for a linear brittle
ceramic [100]. Similarly, the Young’s modulus of single crystal
silicon can also be found to decrease with temperature [101].
Recrystallization and localized melting at the grain boundaries can also occur in polysilicon, degrading the actuator’s
performance [97]. High temperatures have also been shown to
promote effects such as creep; this effect can be significant
in polysilicon at a certain mechanical stress and working
temperature as experimentally investigated in [102], while
significant creep was observed in nickel structures obtained
via LIGA machining at elevated temperatures [103].
Reducing the power consumption and working temperature of electrothermal actuators while increasing their output
force and displacement range will potentially pave the way
for their widespread use in a variety of high-performance
MEMS nanopositioners. So far, several works have attempted
to improve the performance of a number of electrothermal actuators. In [104], a new chevron actuator design is
proposed that features a composite structure of silicon and

SU-8 polymer to reduce the actuator’s power dissipation and
operating temperature. Two approaches are proposed in [105]
to optimize the geometry of chevron actuators for improved
efficiency: first, implementing arms with non-uniform crosssections, and second, using arms with uniform cross-sections
but with different lengths or tilt angles. The use of a geometric contouring method and a pulsing technique is explored
in [98] and [99]. Here, for a typical chevron and pseudobimorph electrothermal actuator, improvements in the stroke,
force, and speed by a factor of 4, 2.5, and 10 are respectively
achieved, while the required power is also reduced by 40%.
C. Electrostatic Actuation
An electrostatic force exists between two capacitor plates
when the capacitor is charged by an electrical voltage.
To employ this force for mechanical actuation in MEMS
devices, as shown in Fig. 7, structures such as comb drives
and parallel plates can be used.
In a comb drive with constant gaps between its fingers
(Fig. 7a), one electrode is fixed, while the moving electrode
is connected to the nanopositioner’s stage and is free to
move in the direction parallel to the actuator’s comb fingers.
The suspension system should be designed to provide a high
mechanical stiffness (K l ) in the lateral direction of the moving
comb to ensure that the gap between adjacent comb fingers
remains constant.
In general, the force produced by an electrostatic actuator
is given by:
F =−

∂U
∂x

(1)

where x is the changing geometrical parameter in the direction of the produced force and U is the total electrostatic
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potential energy. For the actuator in Fig. 7a we have:
n0 t 2
V
(2)
F=
g
where V is the voltage applied between the electrodes, n is
the number of moving comb fingers, 0 is the vacuum permittivity, t is the thickness (out-of-plane dimension) of the
comb fingers, and g is the gap between adjacent fingers [48].
Here, the obtained force has a quadratic relationship with the
actuation voltage, and it is independent from the comb finger
displacement. In this design, the profile of the comb fingers can
also be shaped in order to tailor the nature of the actuator’s
force-displacement properties [106]–[108]. In this case, the
air gap between the moving and stationary fingers will be
displacement-dependent, and as a result the generated force
will be a function of displacement. A comb-drive structure
that features “linear engagement combs” is proposed in [109],
where comb fingers with varying lengths are used to provide
a force that is approximately proportional to displacement.
Another form of comb-drive actuator utilizes changes in the
size of the air gap between comb fingers, as shown in Fig. 7b.
The generated force in this configuration can be obtained by:
n0 A 2
V
(3)
F=
g2
where A is the overlapping area between comb fingers. As is
clear in (3), a decrease in the size of the air gap leads
to a significant increase in the actuation force. This can
cause a “snap-in” instability between comb fingers, an issue
which will be explained later in this section. In Fig. 7c, the
same gap-changing mechanism is used in a parallel plate
configuration, which can generate out-of-plane actuation in
MEMS nanopositioners such as the 3-DOF stage in [65].
An out-of-plane electrostatic force (levitation force) can
also be obtained using the configuration shown in Fig. 7d.
Here, the comb-drive structure is floating above an electrically
grounded substrate. As the distribution of the electrical field
is not symmetric around the moving combs, a levitation force
will be generated, pulling these combs away from the substrate [110]. While this force is normally considered to be an
undesirable parasitic force in many applications, in [111] this
force is harnessed to produce out-of-plane actuation of a probe
tip. According to the analytical model of this force in [110],
in the absence of a restoring mechanical force, the equilibrium
position of the actuator will be the same for different actuation
voltages (V in Fig. 7d). The levitation force also is a function
of V 2 , and it varies linearly with out-of-plane displacement.
Finite element analysis of the vertical levitation force in this
actuator configuration is discussed in [112] and [113].
The attractive force between comb fingers that are placed
vertically, also known as staggered vertical comb drives,
is another actuation mechanism with the potential for producing out-of-plane and torsional motions in MEMS nanopositioners. Changes in the overlapping area and the fringing field
both play important roles in producing force in this actuation
mechanism [114], [115]. Since fringing fields can vary greatly
with geometry and the presence of an electrically grounded
substrate, their evaluation has normally been performed using
finite element analysis [115], [116].

This actuation mechanism is implemented together with a
torsional suspension system in a MEMS phase shifter in [115]
where a large stroke of 10.3° with an actuation voltage of
35 V is obtained. Here, the modeling of the comb structures
is performed by using a combination of analytical and finite
element model (FEM) methods where the output torque is
obtained as a nonlinear function of the mechanical deflection
angle and the actuation voltage.
In order to achieve large strokes in staggered mechanisms,
the fabrication of the combs is typically performed using wafer
bonding with high-precision alignment for the realization of
top and bottom electrodes [115]. Misalignment of the electrodes can potentially lead to asymmetrical actuation and side
instability (see Section V-D). Other methods, such as the one
in [117], are also proposed to eliminate the need to use a wafer
bonding process; this is known as a self-alignment technique.
In [117], an additional layer of polysilicon is used for the
realization of the top electrode, and a static displacement
of ±1° is obtained with an actuation voltage of 100 V.
For easier implementation and control of nanopositioners that feature comb-drive actuators with constant gaps,
the quadratic relationship between the actuators’ force and
their input voltage in (2) can be linearized through the design
of actuators with bidirectional geometry. This configuration,
schematically depicted in Fig. 7e, enables the use of a linear
actuation mechanism [7], [118]. In this case, the stage and
the moving combs are connected to the nanopositioner’s
electrical ground, while voltages of opposite polarity and equal
magnitude (v and −v) plus a constant bias voltage (Vb ) are
applied to the stationary combs. Alternatively, the bias voltage
Vb can be applied to the scan table and the moving combs
while the stationary combs on either side of the stage are
actuated by v and −v; however, allowing the stage to be
electrically grounded is often preferred for certain applications.
Assuming that the comb-drive structure is entirely symmetric
on both sides of the stage, the actuation force on the stage
using this approach is:
nε0 h
Vb v.
(4)
F =4
g
which is a linear function of the applied actuation
voltage (i.e. v).
D. Design Considerations for Electrostatic Actuators
In addition to being relatively straightforward to fabricate using standard MEMS processes, electrostatic actuators
typically offer fast operation and low power consumption.
However, a potential limitation of this type of actuator compared to other mechanisms such as electrothermal actuators
is its relatively low force density, which necessitates the use
of high voltage actuation. Achieving a large displacement
while using this actuation mechanism is also problematic due
to instabilities [72], [109], [119]. To tackle this problem,
the mechanical structure of the actuators [120] and the flexural
guidance system [47], [121] should be designed appropriately
to prevent the occurrence of instability within the required
displacement and actuation voltage range. The sources of the
instabilities for electrostatic actuators are further discussed
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here, while issues relating to the structural design of the
mechanical suspension system are explored in Section VII.
The instability known as “snap-in” or “pull-in” is a
relatively common phenomenon in electrostatic actuators, and
it can be detrimental to the operation of the device if not
accounted for. In this condition, the magnitude of the electrostatic force pulling two electrodes together rapidly increases
beyond the restoring force originating from the flexural mechanism designed to maintain the electrodes’ separation. Above
a certain actuation voltage, the system becomes unstable and
the electrodes rapidly snap together. For gap-closing actuators
(shown in Figs. 7b and 7c) the displacement range during
static operation is effectively limited to approximately 1/3
of the initial actuation gap before snap-in or pull-in occurs.
During dynamic operation though, the added presence of
kinetic energy can increase the attainable displacement, with
snap-in occurring beyond the equilibrium point for static
operation [122], [123].
Comb-drive actuators with constant gaps, shown in Fig. 7a,
can also experience snap-in. In addition to the electrostatic
force exerted on the moving combs along their primary
motion axis, there are other forces pulling the stationary
and moving combs laterally toward each other. During snapin, the mechanical stiffness in the direction perpendicular to
the actuator’s displacement axis (i.e. K l ) is not sufficient to
maintain the required air gap. An analytical model explaining
this condition is presented in [109] and [121]. In the model
in [121], the moving comb fingers shown in Fig. 7a are
assumed to be displaced laterally an infinitesimal amount from
their equilibrium position, i.e. the center of the air gap. Based
on the lateral force that will be exerted on the combs in this
condition, a negative stiffness called “electrostatic stiffness” is
defined as
K el = −

2nε0 t x 2
V
g3

(5)

where x is the engagement of the comb fingers. This electrical
stiffness provides an estimate of the mechanical stiffness
needed to prevent the comb drives from experiencing snap-in.
The total lateral stiffness (K l ) provided by a suspension system
(explained in Section VII) in an electrostatically actuated
MEMS nanopositioner should be more than the absolute value
of the electrical stiffness, with an added appropriate margin to
prevent the occurrence of snap-in. Based on a similar model
in [109], an instability parameter is also defined, above 65%
of which the actuator becomes unstable.
In comb-drive actuators, another type of side instability can
occur within slender comb fingers themselves [120]. This type
of snap-in occurs when the fingers deflect and touch each
other, even if the mechanical suspension provides sufficient
stiffness to prevent the entire actuator structure as a whole
from experiencing instability. This occurs due to the fact
that the end fingers in a comb-drive structure are exposed
to an asymmetric electrical field, which leads to an unequal
net transverse force exerted on each side of these fingers.
This force is small at low voltages, however, during snapin, the stationary and moving fingers at both ends can bend
toward each other and eventually make contact [120]. In order
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to prevent this instability, the in-plane bending stiffness of the
end fingers should be improved, for example by increasing
their width [120].
Another criterion that is relevant to all electrostatic actuator
designs is the breakdown voltage of air. In [124] this voltage
is empirically studied for a number of MEMS structures, and
an average breakdown voltage for a silicon comb drive with
a gap of 2 μm is reported to be 351 V.
E. Other Actuation Mechanisms
While electrothermal and electrostatic actuators are the most
widely used actuation methods in the MEMS nanopositioning
literature, there is ongoing interest in developing alternative
actuation mechanisms for MEMS devices.
As noted in Section III, macroscale nanopositioners tend
to utilize piezoelectric actuators, which directly generate a
mechanical strain due to an applied electrical potential. This
type of actuator is available in various configurations including
tubes, patch transducers, and stack actuators, meaning that
it is relatively straightforward to obtain both in-plane and
out-of-plane displacements. A quasi-monolithic fabrication
approach is demonstrated in [49] where bulk piezoelectric
stack transducers are connected to a MEMS stage, however
this comes at the cost of requiring a manual process to
integrate the bulk transducers.
When considering fully microfabricated devices, the planar
nature of MEMS thin film deposition processes means that the
most straightforward implementation of piezoelectric actuators
in MEMS devices is to provide displacements in the out-ofplane direction. As a result, the role of in-plane actuation for
microscale nanopositioners continues to be fulfilled largely by
the well-understood electrothermal and electrostatic actuators.
Nevertheless, the literature does contain a number of examples where experimental MEMS-based piezoelectric actuators
are implemented to provide multiple-DOF displacements. The
work presented in [125]–[127] demonstrates how thin-film
PZT microactuators can be used to provide lateral and vertical
translational motion, as well as rotational motion. The actuators utilize out-of-plane unimorph structures with ‘bend-up’
and ‘bend-down’ segments configured in a manner that results
in net mechanical displacement in the desired direction.
However, achieving pure lateral motion with this type of
mechanism is shown to be difficult due to factors such as
residual stresses and fabrication process tolerances. In [128],
another form of lateral piezoelectric MEMS mechanism is
presented that features cantilever-type PZT bimorph actuators
with sidewall electrodes. When activated, this actuator directly
provides lateral motion, therefore removing the need to implement a flexure mechanism that constrains the direction of the
mechanical motion. As is common for piezoelectric materials,
the response of the actuator includes significant nonlinearity
in the form of hysteresis.
In general, piezoelectric actuators are capable of providing the forces required for nanopositioning applications in a
footprint smaller than that required for electrostatic actuators,
and without the temperature and bandwidth limitations of
electrothermal actuators. However, factors such as a more
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complex fabrication process and the existence of actuation
nonlinearities mean that the implementation of this type of
actuator in MEMS nanopositioners is less common.
As with piezoelectric actuators, macroscale nanopositioners
have similarly made extensive use of electromagnetic actuators (e.g. [129], [130]), which rely on the force that exists
between a current-carrying coil and an external magnetic field.
However, the use of electromagnetic actuators in MEMS-based
nanopositioners is much less prevalent, largely due to the
challenges in fabricating actuators of this type that are effective
at the microscale. Nonetheless, a limited number of MEMS
devices have been demonstrated in the literature, such as
the nanopositioners reported in [131] and [60]; the latter
example implements VCAs for actuation, whose structure is
described in Section III. The fabrication and assembly of these
nanopositioners is complicated due to the required integration
of bulk external permanent magnets. Techniques for magnet
fabrication that can be integrated with the MEMS fabrication
process have been demonstrated, including electroplated [132]
and polymer-based magnets [133], however the relatively low
magnetic field strengths achievable with such methods generally results in the performance of these actuators being much
lower than those with bulk magnets. As a result, significant
challenges remain in developing fully microfabriated electromagnetic actuators that are able to satisfy the requirements of
typical nanopositioning applications.
VI. D ISPLACEMENT S ENSING M ETHODS FOR
MEMS NANOPOSITIONERS
In order to measure displacement in MEMS nanopositioners, various methods can be utilized including laser interferometry, capacitive sensing, piezoresistive sensing, and thermal
sensing [49], [134], [135]. The selection of an appropriate
sensing technique should be performed based on factors that
include the required measurement precision, available footprint, and the limitations of the micromachining processes
being used. In addition, sensor performance directly affects
the linearity, resolution, and the achievable speed of a MEMS
nanopositioner. While designers typically aim to attain high
measurement resolution over a large dynamic range, some
compromises often have to be made when implementing a
displacement sensing mechanism.
Parameters such as noise level, resolution, nonlinearity,
low-frequency drift, and the measurement bandwidth are the
key factors that may be used to compare different on-chip
displacement sensors [136]. The output noise of most sensors
can be approximated by a Gaussian random process where
its standard deviation can be considered as a measure of the
sensor resolution. Note that while the sensor noise can affect
the output displacement resolution of the nanopositioner in
closed loop, these two resolutions are distinct parameters. The
bandwidth of a position sensor can be defined as the frequency
at which the magnitude of the transfer function from the
displacement input to the sensor output drops by 3 dB. This
definition, however, should be used cautiously as it is possible
for a substantial phase lag in the sensor’s response to be
induced even while operating within this frequency range. For
example, if the sensor’s output represents a first order system,

at the −3 dB point the induced phase lag will be approximately 45°. If this phase lag remains uncompensated, it can
result in a significant measurement error.
Optical sensing mechanisms, such as laser reflectance
microscopy and laser interferometry, are highly precise methods for displacement sensing, and they have been used to characterize a number of MEMS nanopositioners [63]. However,
these measurement methods are typically expensive and make
the system’s footprint bulky. Fabry-Perot interferometry is one
optical sensing method that can be realized within a relatively
small volume to perform displacement measurements with
nanometer resolution. This interferometer features a cavity that
is normally implemented between the tip of an optical fiber
and a mirror that is attached to the object whose displacement
is to be measured. Changes in the cavity length due to displacements of the moving object can be measured by counting
the periodic changes in the reflected light intensity [137] or
using demodulation techniques [138]. In [138], a resolution of
0.084 nm using this technique is experimentally demonstrated
over a displacement range of 3 mm. This concept has also been
implemented in an on-chip configuration for the realization
of MEMS devices such as pressure sensors [137], and a
displacement and shear stress sensor [139]. However, optical
displacement sensing methods are typically expensive and
difficult to implement, and their noise level also depends
on factors such as environmental variations and the specific
type of instrumentation being used. As a result, these sensing
methods are generally more suitable for applications such
as meteorological and calibration instruments. For MEMS
nanopositioners, which are designed to be a ubiquitous and
cost-effective positioning solution, non-optical on-chip methods are preferable. A number of potentially suitable sensing
mechanisms are described below.
A. Capacitive Sensing
Capacitive sensing typically provides high-precision displacement measurements with a relatively large bandwidth.
This sensing mechanism can be used both in macro and micro
sized devices, and is mostly suitable for short-range displacement measurements [21], [136]. Since the required readout
circuit can be implemented alongside the MEMS device on the
same chip, this sensing mechanism is prevalent in numerous
MEMS applications such as MEMS inertial sensors [67].
In general, the capacitance of two plates arranged in parallel
with an overlapping area of A and a gap of g can be written as:
0 r A
(6)
C=
g
where 0 is the vacuum permittivity and r is the relative
permittivity of the material filling the gap. In MEMS nanopositioners, changes in the size of the gap or the overlapping
area can be exploited to provide a measurement of mechanical
displacement. As with electrostatic actuation, the required
capacitance changes can also be achieved by implementing
comb-drive structures, which are straightforward to fabricate
using conventional MEMS microfabrication processes.
Fig. 8a shows a comb-drive structure with constant gaps
between adjacent fingers, where the capacitance change when

MAROUFI et al.: MEMS FOR NANOPOSITIONING: DESIGN AND APPLICATIONS

481

Fig. 8.
Schematic diagram of two capacitive sensing mechanisms.
(a) Comb-drive structure with a constant gap between fingers. (b) Comb-drive
structure with constant overlap between fingers.

the comb moves by x (the measurand) and the sensitivity are:
n0 xt
n0 t
C =
, Sen =
.
(7)
g
g
Here, t is the out-of-plane dimension, n is the number of air
gaps, and the sensitivity is defined as dC/d x. The sensitivity
is a constant value, and the sensor functions linearly regardless
of the displacement amplitude.
A gap-varying comb finger structure in a differential configuration is shown in Fig. 8b. A differential sensing scheme is
typically implemented for this configuration to attain a higher
signal-to-noise ratio (SNR). This sensing scheme can also be
implemented in electrostatic nanopositioners that feature bidirectional electrodes, similar to the structure shown in Fig. 7e,
or for out-of-plane displacement sensing of a stage vertically
positioned between two electrodes. As shown in the diagram,
the capacitance changes can be measured by applying carrier
signals with a 180° phase shift to the capacitors. In this case,
the current (i ) is:


2x
V.
(8)
i = j ωV (Cs1 − Cs2 ) = j ωna0 t
g2 − x 2
The sensitivity can be defined as di /d x as follows:


g2 + x 2
2 j ωna0t V
Sen = 2 j ωna0t 
.
=
2 V ∼
g2
g2 − x 2

(9)

The sensitivity is simplified and linearized assuming x  g.
Various readout circuits have been proposed for capacitive
sensing. One of the most straightforward readout methods
is to use the sensing capacitor in an oscillator circuit or in
a pulse generating (one-shot) circuit [140]. Another method,
as explained for the setup in Fig. 8b, is to apply an AC
carrier signal (with a frequency well beyond the mechanical
bandwidth of the system) to the varying capacitors, which
are configured in a voltage divider. Using this method, both
capacitors can change differentially or one of them can remain
fixed. As is visible in (8), the output of the circuit is modulated
by the carrier signal; hence, demodulation techniques should
be implemented to provide a signal that is representative of
displacement.
Capacitive sensing is used to measure the stage displacement in a serial kinematic MEMS nanopositioner reported
in [141]. A schematic diagram of the device is shown

Fig. 9. (a) Schematic of capacitive sensing implementation for the MEMS
nanopositioner reported in [141]. © 2015 IEEE. Reprinted, with permission
from [141]. (b) A mechanical magnifier mechanism, used to obtain higher
sensing resolution via a capacitive sensing mechanism [80]. © IOP Publishing.
Reproduced with permission. All rights reserved.

in Fig. 9a. Here, the sensing combs on one side of the
stage create a varying capacitor whose initial capacitance is
calculated to be about 3 pF, and which varies by approximately 80% throughout the nanopositioner’s displacement
range. The capacitive sensor’s readout circuit is implemented
using an Irvine Sensors MS3110 universal capacitive readout IC, which applies a 100 kHz carrier signal to measure the
changes in the sensing combs’ capacitance. A fairly linear
output with a calibration factor of 0.41 V /μm and a resolution
of 7.3 nm is reported with a displacement range of more
than 7 μm.
In this example, the displacement induced by the 100 kHz
carrier signal with an amplitude of 2.25 V can be ignored,
given that the first resonance frequency of the MEMS
nanopositioner is 4.42 kHz. Assuming that the device behaves
as a second order system, it can be calculated that the
stage displacement induced by applying this carrier signal is
below 0.1 nm.
The fact that negligible displacement is induced by an
adequately high frequency carrier signal is used in [142],
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where a method is proposed that uses a single electrostatic
comb-drive actuator for simultaneous actuation and displacement sensing. Here, the displacement of the electrostatic
comb drive is measured using a high-frequency carrier signal (about 100 kHz) superimposed on the actuation signal.
Avoiding the need to implement separate sensing and actuating comb drives saves a significant amount of die space,
and potentially increases the mechanical bandwidth of the
nanopositioner by reducing its mass. This sensing approach
was demonstrated using a nanopositioner with a bandwidth of
approximately 1 kHz, while the magnitude of the carrier signal
was chosen to be 1 V. Using amplitude demodulation of this
signal, a sensitivity of 0.1857 mV/μm is reported.
Simultaneous actuation and sensing using a frequency modulation approach has been implemented in [143]. In this configuration, comb-drive actuators in a MEMS nanopositioner
are used as a part of an LC oscillator with a frequency of
about 5 MHz. The low-frequency mechanical displacement of
the MEMS stage modulates the frequency of the oscillator, and
the frequency change is measured using a lock-in amplifier
and is correlated with the displacement of the stage. The
sensing circuit captures the dynamics of the MEMS stage
within its bandwidth while providing a low-frequency gain
of 11.53 kHz/μm.
The magnitude of the capacitance change in MEMS devices
depends on their mechanical structure; for MEMS nanopositioners, the change is typically small. Hence, to obtain an
adequate SNR, highly sensitive interface circuits are needed,
usually with a precision in the aF range [144]. An alternative approach for attaining a high resolution measurement
is to implement extra mechanical mechanisms that magnify
the capacitance change, as reported in [80] and illustrated
in Fig. 9b. Here, a displacement measurement resolution of
0.3 nm is achieved with capacitive sensors and a mechanical
magnification mechanism. However, this method requires the
addition of extra mechanical structures, which can increase
the device’s on-chip footprint and mass. The latter causes a
reduction in the device’s mechanical bandwidth.
Despite the sub-nanometer resolution attainable using
capacitive sensors, their limited dynamic range hinders their
widespread use. To overcome this, an encoder sensing concept
has been proposed. Here, a number of stationary electrodes are
arranged in a periodically alternating structure, while moving
electrodes are suspended above the stationary electrodes with a
constant gap [145]. Using this configuration, the displacement
of the moving electrodes induces a periodic change in capacitance, which can be used to generate an output signal that
provides a measurement of displacement with high precision
over a large range. This concept is implemented for macrosized nanopositioners in [145] and [146], while in [146],
a resolution of 126 nm with a displacement range of 20 mm
is achieved. Resolutions of about 260 μm and 25 nm are also
reported in [145] for coarse and fine motion, respectively.
A similar encoder concept is also used for a MEMS nanopositioner in [147], where differentially variable capacitors are
implemented to measure the linear and rotational displacement
of a MEMS stage. A translational 1 σ -resolution of 0.2 nm
was experimentally demonstrated over a bandwidth of 25 kHz.

When using this sensing method, ensuring the precise implementation of the electrodes and maintaining a constant gap
between the stationary and moving electrodes during operation
are critical.
B. Piezoresistive Sensing
Piezoresistive sensors have been used for displacement
measurement in numerous MEMS devices, including resonators [148]–[150], pressure sensors [151], and nanopositioners [49], [152]. The resistivity of piezoresistive materials
changes as they are mechanically stressed. Doped silicon,
as a common structural material in MEMS devices, is a wellknown example of a piezoresistive material. To exploit this
effect for displacement sensing in MEMS nanopositioners,
dopant ions are selectively implanted in the device’s silicon
flexures in regions where the mechanical stress induced by the
stage displacement is at a maximum. The resistance variations
of these piezoresistive regions can then be measured by a
relatively simple readout circuit and correlated with stage
displacement.
Piezoresistive sensors are typically linear and demonstrate
a large bandwidth [49], [148]. Furthermore, these sensors
normally have a small form factor, and the implementation
of their readout circuit is relatively straightforward. Moreover,
by using a number of separate piezoresistive sensors on
mechanical flexures in different regions and implementing a
differential readout circuit (such as a half or full Wheatstone
bridge), their measurement sensitivity and resolution can be
enhanced.
However, piezoresistors are sensitive to ambient temperature
variations. As in [153]–[155], it is common practice to implement on-chip dummy resistors with the same characteristics
as the actual piezoresistors, and which can be used in the
readout circuit to compensate for ambient temperature changes
to some extent. The fabrication of these sensors conventionally
requires extra masks, the deposition of additional conducting
layers, and doping. These additional steps are not typically
available through standard MEMS fabrication processes, such
as MUMPs [156], limiting the widespread implementation of
this sensing mechanism.
In [87], piezoresistive sensors are implemented in a 2-DOF
nanopositioner, with a sensitivity of approximately 1 mV/μm
being reported. The device features electrothermal actuators
with double-hot arms similar to those schematically shown
in Fig. 6b, plus chevron actuators. To reduce the impact
of thermal coupling from the actuators to the piezoresistive
sensors, the sensors are implemented on the cold arm of each
of the electrothermal actuators. In [49], piezoresistors are ionimplanted within L-shaped flexures that are connected to the
stage of an XY scanner. A Wheatstone bridge is used as
the readout circuit and an output of 0.8 V is obtained for a
displacement of 3μm, while the output nonlinearity is reported
to be less than 10%.
It should be noted that in general, the linearity of
piezoresistive sensors strongly depends on their position with
respect to the flexures and the range of the measurand
displacement.
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Fig. 10. (a) Schematic of piezoresistive sensors. (b) A piezoresistive sensor,
as implemented in a 2-DOF nanopositioner with electrostatic actuators [157].
In the designs reported both in [154] and [157], the tilting angle (δ) is 0.86°
and the vertical distance is h=1 mm. The tilted flexures on the lower side are
gold plated and are connected to the electrical ground.

In order to exploit the piezoresistive sensing concept while
using a standard microfabrication process, the bulk piezoresistivity of mechanical flexures may be used. This eliminates the
necessity of using extra fabrication steps to realize highlydoped regions. This concept is implemented for a MEMS
resonator in [148], while in [153], the inherent piezoresistivity
of polysilicon is used. In the latter design, a pair of sensing
flexures are implemented together with a chevron electrothermal actuator. Mechanical deflection of the polysilicon flexures
resulting from the operation of the device changes their bulk
resistance, which is used to provide a representation of the
stage displacement. An output of 6 V for a displacement of
4 μm is reported, however some sensor nonlinearity is evident.
This can be attributed to the generation of axial and bending
stresses in the flexures and a nonuniform temperature profile
along the flexures during operation.
The bulk piezoresistivity of silicon flexures is harnessed
for displacement sensing in a 1-DOF MEMS nanopositioner
in [154], where four slanted beams are used as the sensor.
Fig. 10 shows the implementation of this sensor in the
2-DOF MEMS nanopositioner in [155]. As the stage moves
in-plane, the slanted beams experience axial forces in opposite
directions, resulting in a differential sensing architecture that
can be used with a Wheatstone bridge readout circuit. Note
that these current-carrying beams also function as the nanopositioner’s mechanical suspension system. The mechanical and
sensing properties of this sensor were also analytically studied
in [157], where the effect of the tilting angle and readout
circuit bias voltage on the performance of the sensors and
nanopositioner are investigated both in the time and frequency
domains. A resolution of 0.9 nm and a dynamic range of
16 μm are reported for the sensor, together with a calibration
factor of 0.1358 V/μm. However, the proposed sensor suffers
from a large feedthrough component from the actuation signal
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Fig. 11. (a) Schematic of the electrothermal sensing concept. The number
of arrows for each micro-heater represents the relative rate of heat transfer
to the stage. (b) The I-to-V transimpedance circuit, and (c) a Wheatstone
bridge. Rs1 and Rs2 are the resistance of the sensors’ heaters, and a differential
amplifier is normally employed at the output for both circuits.

to the output, limiting its achievable bandwidth to about 8 kHz.
A modified version of this sensor is implemented in a
2-DOF MEMS nanopositioner in [155], where changes in the
signal routing significantly lower the actuation feedthrough.
This consequently improves the bandwidth of these sensors up
to 50 kHz, with their 1σ -resolution being reported to be less
than 2 nm. The noise was recorded with a sampling frequency
of 128 kHz in a time period of 25 s.
C. Electrothermal Sensing
The transfer of heat across an air gap is a relatively
slow process, however as the gap dimension approaches the
micrometer scale, this phenomenon can be effectively used as
a transduction mechanism for displacement1 [159]. An early
implementation of this concept was used to measure the
displacement of an AFM cantilever with respect to its substrate
in [160]. Here, the cantilever acts as a heater and the substrate
functions as a heat sink, enabling displacement sensing with
a dynamic range of around 1 μm.
Using only one heater, however, renders the sensor susceptible to factors such as fluctuations in the ambient temperature,
sensor aging, and oxidation, which can degrade the performance of the sensor. Thus, a differential sensing scheme is
introduced in [158] and [159]. Here, a typical implementation
of this sensing technique features two micro-heaters that are
heated using the Joule heating process as schematically shown
in Fig. 11. In [159], the heaters are located closely above
a stage that acts as a heat sink. As the stage displaces,
changes in the overlap between the micro-heaters and the
stage result in variations in the rate of heat transfer between
1 In small geometries, heat transfer due to convection can be ignored.
Additionally, for an air gap below 100 μm, the air no longer acts as a thermal
insulator and heat transfer due to conduction becomes effective [158].
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the bodies. These fluctuations in heat flow lead to changes
in the temperature of each of the micro-heaters; a lower rate
of heat transfer causes the temperature of the micro-heater
to rise, while a higher rate of heat flow leads to a reduction
in temperature. These temperature changes create opposing
variations in the electrical resistance of the micro-heaters,
which are then mapped to the displacement of the stage using
a readout circuit.
In [158], this concept is implemented using a single mask
fabrication process, where the heaters and stage are in the
same plane.
Both constant voltage (CV) and constant current (CC)
modes can be used to drive the electrothermal sensor. The
CC mode provides approximately two to three times higher
sensitivity than the CV mode [158]. However, in the CC mode,
the sensor’s bandwidth is significantly lower (by about two
to five times) [158], [161]. In the CV configuration, the current flowing through the heaters should be measured, with
transimpedance or Wheatstone bridge circuits being viable
candidates for the readout circuit. Their electrical schematics
are illustrated in Fig. 11. Transimpedance circuits typically
provide a higher sensitivity for a given resistance change in
comparison with the Wheatstone bridge [162].
The sensitivity and resolution of electrothermal sensors
depend on the heaters’ temperature and their distance to the
heat sink. As an example, a 1σ -resolution of 0.5 nm in a
bandwidth of 10 kHz is reported for the sensor in [159].
By increasing the bias voltage, and consequently the delivered power, the sensitivity of the sensor increases. However
with increasing bias voltage, the displacement resolution first
improves due to enhanced sensitivity, but then declines due
to a dominating rise in the noise level [159]. The same
behavior resulting from changes in bias voltage is also reported
for the bulk piezoresistive sensors in [157]. The operational
bandwidth of the sensor is also restricted by factors such as
1/ f noise, low-frequency drift, and the inherent limits in the
achievable rate of heat transfer from the heaters to the heat
sink.
The sensing bandwidth may be increased by reducing the
thermal mass of the sensor, i.e. by having smaller heaters.
However, this adversely affects the sensor’s dynamic range
if the length of the heaters is reduced. The performance of
electrothermal sensors can also be enhanced by modifying the
structure of the heaters and/or the readout circuit. In [163],
the 1/ f noise of the sensor is reduced through the use of a
driving AC bias voltage at 5 kHz, while a drop of about 8 dB in
the noise floor is observed at 20 Hz. Contouring of the sensors’
heaters is also attempted in [164], where shaped beams rather
than straight beams are introduced to achieve a flatter spatial
temperature distribution along the heater, as shown in Fig. 12.
Testing revealed that the linearity of the electrothermal sensor
is improved, while their power consumption and noise are
reduced. However, the extra thermal mass of the sensor in
this design significantly reduces the bandwidth of the sensors.
This is also observed as a substantial phase delay in the highbandwidth MEMS nanopositioner in [7], where this type of
sensor has also been implemented.

Fig. 12. Electrothermal sensors with (a) straight heaters, and (b) shaped
heaters, as compared in [164], © 2013 IEEE. Reprinted, with permission
from [164].

D. Other Sensing Methods and Discussion
The preceding sections describe the sensing concepts that
are most predominantly used in MEMS nanopositioners.
Another approach, known as giant magnetoresistive (GMR)
sensing, has also been used in macro-sized nanopositioners [165] and for measuring the tip displacement of microcantilevers [166], [167]. These sensors are a sub-category of a
spin-dependent sensing concept which exploits the change in
the electrical resistance of materials while they are exposed to
a varying magnetic field [168]. To implement GMR sensors,
a stack of alternating layers of ferromagnetic and nonferromagnetic conductors should be produced. One approach
to use this technique for displacement sensing is to attach
a permanent magnet to the stage moving above the GMR
structure in order to induce a magnetic field change within
the sensor. This sensing approach provides a high bandwidth
(potentially within the MHz range) and a small form factor.
Since a GMR sensor’s structure consists of multi-layered
thin film materials, its dimensions can also be scaled down
for implementation in MEMS and NEMS devices. However,
as this sensing method shows some nonlinearities such as
hysteresis, the change in the magnetic field should be designed
such that the sensor works in a linear region with an acceptable
sensitivity [136], [165].
Limitations that are a characteristic of a particular sensing method, such as low sensitivity, inferior resolution and
nonlinearities, can directly affect the MEMS nanopositioner’s
performance. In some cases, these limitations can be alleviated
by using an additional sensor with a different sensing principle to measure the same displacement. In fact, by utilizing
multiple sensors and incorporating an appropriate algorithm,
a “virtual sensor” can be obtained, whose performance exceeds
that of each individual sensor alone. This is also known as
“sensor fusion”, and it has been demonstrated in a number
of nanopositioning applications. For example, in [23] a piezoelectric transducer is used together with a capacitive sensor.
In this case, the high stability and low-frequency accuracy
of capacitive sensors are used in combination with the high
sensitivity and bandwidth of piezoelectric transducers via the
incorporation of a Kalman filter.
In the MEMS nanopositioner used for data storage
in [169] and [170], positional information derived from the
storage medium is used as a secondary sensing concept.
In this nanopositioner, the stage displacement is measured by
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Fig. 13. Different mechanical flexures that can be used as the suspension system in a MEMS nanopositioner. (a) Clamped-clamped beam, (b) crab leg
flexure, (c) folded flexure used in [155], (d) double parallelogram, and (e) paired double parallelogram.

electrothermal sensors; however, since the absolute position
of the nanopositioner is also needed, the storage medium
contains pre-written servo patterns called “servo fields”. The
implemented control algorithm exploits the low noise characteristics of the thermal position sensor at higher frequencies
and the low-frequency fidelity achieved by tracking the servo
fields [169].
The possibility of using capacitive and electrothermal sensing simultaneously in MEMS nanopositioners is investigated
in [171]. Here, a noise study reveals that a virtual sensor can be
implemented, e.g. by using a Kalman filter, that has a superior
noise performance than each of the sensors separately.
VII. S TRUCTURAL D ESIGN C ONSIDERATIONS
The mechanical suspensions in MEMS nanopositioners are
normally designed based on flexure mechanisms, also known
as compliant mechanisms. Nanometric and/or sub-nanometric
displacements can be obtained from these mechanisms, while
they are also free from non-deterministic effects such as
backlash and friction. The stiffness of the flexure mechanism
along each degree of freedom is one of the main factors that
determines the nanopositioner’s bandwidth and its achievable
displacement at a given actuation force. The flexure mechanism should also provide a large stiffness and negligible
displacements along its degrees of constraint [172]. In a given
flexure mechanism, the quality of each degree of constraint is
a direct function of the magnitude of the mechanism’s stiffness
along that particular direction.
In numerous macroscale nanopositioners, lumped compliance mechanisms in the form of flexure hinges are
used [22], [51]. Different flexure hinges such as circular,
corner-filleted, and elliptical hinges are proposed and have
been extensively investigated [29]. Among these, circular
hinges can be used for small and accurate positioning applications while corner-filleted hinges are more suitable for large
displacement conditions [29], [173]. Circular hinges have also

been implemented in a parallel kinematic 2-DOF MEMS
nanopositioner reported in [174] and in a lever mechanism
used to amplify the displacement of a chevron electrothermal
actuator in a serial kinematic MEMS nanopositioner in [79].
Using the lumped compliance flexures, however, can lead
to an over-constraint condition in the presence of implementation errors [172], which can be more pronounced in
MEMS nanopositioners due to microfabrication tolerances.
In addition, the displacement range of these flexures is limited,
considering the required motion accuracy and the maximum
allowable stress of their structural material. Mechanical flexures with distributed compliance, on the other hand, are
relatively more tolerant of fabrication errors and can deliver
a larger displacement [172]. Beam and parallelogram flexures
are examples of this type of compliant structure, and have been
widely implemented in various MEMS nanopositioners. These
flexures, however, are more prone to nonlinear elastokinematic
effects which induce errors in their motion and stiffness [172].
Much research has been previously performed on the
design of the flexure suspension system. Interested readers
are referred to [45], [46], and [175]. In this section, we only
briefly elucidate some of the more predominant distributedcompliance flexures previously used in MEMS nanopositioners, which are schematically shown in Fig. 13. The challenges
that are involved in the design of flexure mechanisms for
MEMS nanopositioners will also be investigated.
Clamped-guided beams are possibly the simplest type of
flexures, and they are commonly implemented in various
MEMS devices including MEMS nanopositioners. As shown
in Fig. 13a, the beam endures an in-plane transverse deflection
of d when a force of Fext is applied. For these boundary
conditions and considering the beam as an Euler-Bernoulli
beam, the stiffness along the designed degree of freedom of
the beam (the transverse stiffness) will be:
Kt =

Ew3 b
Fext
=
d
L3

(10)
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where E is the Young’s modulus of the structural material and
b is the thickness (out-of-plane dimension). This stiffness is
not constant, even for a displacement range on the order of the
beam’s width. Here, the nonlinearity originates from the axial
force which is induced as the beam extends due to its boundary
conditions [176]. Using the analytical model reported in [176]
it can be easily seen that the axial force causes a hardening
effect, with the force-displacement function of a clampedguided beam remaining linear (within 10 % error) only over a
stroke equal to around 43 % of its width (w).
The stiffness along the degree of constraint (i.e. the longitudinal stiffness) for a simple clamped-guided beam is:
K b1 =

Ebw
.
L

(11)

This stiffness also changes with displacement (d).
To calculate the change, an additional stiffness component can
be obtained as [177]:
K b2 =

25E I
.
3Ld 2

(12)

The total longitudinal stiffness of the beam is then the series
combination of K b1 and K b2 , as stated in (13).

−1
−1
−1
K B = K b1
+ K b2
.
(13)
It can be easily seen that the total longitudinal stiffness
of the beam decreases by more than 50% when the in-plane
displacement (d) exceeds 83.3% of the beam’s width (w).
To achieve a higher linearity and to better tune the mechanical properties, more complex flexure mechanisms are proposed
such as those shown in Figs. 13b to 13e. Generally speaking,
the displacement and loading conditions will be divided among
the beams within these mechanisms, resulting in a more linear
behavior. The crab leg (L-shaped) flexure, shown in Fig. 13b,
is implemented in a 2-DOF MEMS nanopositioner in [49].
The transverse and longitudinal stiffnesses of these flexures
(K t and K l , respectively) are [121]:


⎧
24E I1 L 1 I2 + I1 L 2
⎪
⎪
⎨Kt = L3
4I L + L 1 I2
1  1 2

(14)
12E
I
L 1 I2 + 2I1 L 2
⎪
2
⎪
⎩ Kl =
I1 L 2 + 2L 1 I2
L 32
where I1 and I2 are the second moment of the beam’s cross
section area. Another configuration of the folded flexure is
implemented in a 2-DOF MEMS nanopositioner presented
in [155] and is shown in Fig. 13c. In [155], the stiffness of this
flexure is obtained using both analytical and FEM approaches,
and its linearity is discussed. Using FEM, the deviation from
perfect linearity is obtained to be below 4% for guided-end displacements of up to around 10 μm. In addition, a suspension
structure featuring multiple beams is proposed to enable tuning
of the in-plane and out-of-plane stiffnesses. However, the
longitudinal stiffness of this flexure is not discussed in [155].
Double parallelogram flexures are another class of compliant mechanism with extensive use in nanopositioners [11].
Fig. 13d shows a schematic of this mechanism while enduring

a transverse displacement, and in (15) the closed-form parametric transverse and longitudinal stiffness of this flexure is
provided [11].

⎧

2 
3
EI
F L2
⎪
⎪
⎪
⎨ K t ≈ 12 − 100 E I
L3
(15)
⎪
1
12E I
⎪
⎪ Kl ≈
·
⎩
9 2
L
w2 + 25
xt
Here, E and I respectively are the Young’s modulus of
the structural material and the second moment of inertia
of the beam. The potential longitudinal force (F) is also
assumed to be acting on the flexure while the primary stage is
undergoing a transverse displacement of x t . Using two double
parallelogram flexure mechanisms (as shown in Fig. 13e), also
known as a paired double parallelogram, is more common
in the implementation of MEMS nanopositioners. A linear
displacement range of about 10 % of the length of each
beam (L) is expected for this flexure [121]. As is also visible
in (15), the transverse and longitudinal stiffnesses of a double
parallelogram flexure are equal to those of clamped-guided
beams in the absence of the longitudinal force (F) and the
transverse displacement (x t ). The transverse stiffness of these
flexures, however, quadratically decreases in the presence of
a longitudinal force (F). More importantly, the longitudinal
stiffness precipitously decreases with the transverse displacement of the primary stage (i.e. x t ) as it becomes large in
comparison with the beam’s width (w). In the paired double
parallelogram, the unconstrained motion of the secondary
stage is identified as a source of error. To alleviate this
problem, methods such as connecting a lever to the secondary
stage [178] or using clamped paired double parallelogram
flexures [47] are proposed. For more detail on the modeling of
double parallelogram flexures with different geometries please
refer to [121], [172], and [179].
To further tune the mechanical characteristics of flexures
in MEMS devices, other geometries such as sectioned
beams [172], beams with an initial curvature (pre-bent
beam) [109], or slanted beams [172], [177] have also been
proposed. It should be noted that the flexure suspension system
contributes additional mass to the device, which consequently
decreases the resonance frequency of the nanopositioner. The
mass contribution can be obtained analytically [48] or by
using FEM.
The type of actuation method employed in a MEMS
nanopositioner affects the design of the flexure mechanism.
Some actuation mechanisms, such as piezo stack actuators
and chevron electrothermal actuators, add stiffness to the
system, hence the stiffness of the flexure mechanism should
be designed accordingly. Piezo stacks also require a large preloading force, which is challenging to provide using MEMS
flexures. This problem has been circumvented in the MEMS
nanopositioner reported in [49] by using two piezo stack
actuators in a push-pull configuration. However, driving two
piezo actuators along each axis increases the complexity
of the electrical driving circuit. In addition, the mechanical
system should be designed carefully to manage the mechanical
stress on the MEMS device as the piezo stacks push against
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each other. Here, this has been performed via -shaped
flexures.
In electrothermally-actuated MEMS nanopositioners, the
flexures can also function as a heat sink transferring heat from
the device to their anchor point [66]. In this condition, the thermal stress within the flexures should also be considered as it
induces nonlinearity and potential instability due to buckling.
The presence of electrothermal sensors (Section VI-C) near
the flexures can also have a similar effect.
Electrothermal and piezoelectric actuators typically provide
a large actuation force with a small stroke. Most piezo-stack
actuators, for example, have a free stroke of approximately
0.1% of their length [29]. This can be problematic in applications with large displacement requirements. To mitigate this
problem, the implementation of a flexure-based amplification
mechanism can be practiced in MEMS nanopositioners such
as in [79]. This comes with some drawbacks, particularly a
reduction in stiffness, and as a result, a decrease in bandwidth.
In addition, challenges such as occupying a large chip area,
variations in amplification ratio (particularly during large displacement conditions), and possible over-constraint and lost
motion should be overcome in the design of this type of
mechanism [61].
Electrostatic actuators and some electromagnetic actuators
such as MMAs (refer to Section III-B) will normally add mass,
but they are prone to side instability that should be prevented
by having a large stiffness along the flexure mechanism’s
corresponding degrees of constraint. Providing this stiffness
while simultaneously achieving a large displacement can be
a challenging design criteria. In MEMS nanopositioners with
electrostatic actuators, the longitudinal stiffness should be at
least equal to the stiffness presented in (5) to prevent snap-in.
In [47], the paired double parallelogram flexures are modified
and implemented in a parallel kinematic MEMS XY stage
with electrostatic actuation. The modified flexure renders a
large longitudinal stiffness, allowing the electrostatic nanopositioner to have a large stroke of 225 μm along each axis
without the occurrence of snap-in instability. While a relatively
large displacement is demonstrated in the previous example,
the modified flexure mechanism occupies a large on-chip
area and it has a large moving mass, reducing the achieved
bandwidth of the device. The challenge of achieving a large
displacement using flexure mechanisms with a compact formfactor still remains for electrostatic MEMS nanopositioners.
In a staggered comb drive (see Section V-C), the output is
normally a rotation, and torsion bars should be implemented
as the flexure guidance system. To achieve a large rotation
for a given actuation torque, the torsional stiffness should
be reduced while the in-plane stiffness, as the degree of
constraint, should be maintained as high as possible to prevent
snap-in. Even though this problem is addressed in [115] using
torsion beams with a T-shaped cross-section, challenges still
exist in designing this type of flexure mechanism for potential
use in angular positioning systems.
Error motions can also occur in MEMS nanopositioners while they are actuated along one of their DOFs.
Cross-coupling is one of these error motions, as previously
explained in Section II-E. The other major error motion is
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parasitic errors along the mechanism’s degrees of constraint.
These errors can originate from different sources such as
kinematic and elastokinematic effects and vary for different
flexures, as discussed in [172].
Parasitic motion in the out-of-plane direction is particularly challenging for MEMS in-plane nanopositioners.
In macroscale nanopositioners, the flexure mechanism can
typically be realized using wire electrical discharge machining
(wire-EDM) from a metal block [29]. Hence, in this case the
thickness of the flexures can be chosen rather arbitrarily to
achieve large out-of-plane stiffness. However, this is not the
case for MEMS nanopositioners as the thickness of microscale
flexures is normally restricted by the thickness of the structural
material. Hence, the flexures will have compliance in the outof-plane direction, resulting in a parasitic displacement along
this axis. This negatively affects the in-plane motion quality
of the MEMS nanopositioner. Note that as on-chip displacement sensors in MEMS nanopositioners normally measure the
in-plane motion of the stage, erroneous out-of-plane motion
can be detrimental to the sensor’s performance in terms of
factors such as sensitivity and linearity, as is the case for
electrothermal sensors. In addition, the out-of-plane motion
will not be fully observable by the in-plane sensors, which
makes the design of a compensating controller problematic.
VIII. C ONTROL I SSUES IN MEMS NANOPOSITIONERS
The performance of a MEMS nanopositioning system is
highly correlated with the electromechanical dynamics of its
kinematic chain. A control system is therefore required to
ensure robust and high-performance operation of the device.
In this section we review a number of control methods used
for MEMS nanopositioning, and refer the reader to [6] for a
more detailed review of the topic.
The factors that affect the performance of a MEMS nanopositioner include vibration, nonlinearities, cross-coupling, external disturbances, and drift [8]. The performance of macroscale
nanopositioners is also affected by similar phenomena, however a key difference is the manifestation of nonlinearity in
these two classes of positioning systems. Both microscale
and macroscale nanopositioners use a flexure mechanism
to guide and decouple motion of various axes. In MEMS
nanopositioners, these flexures are a key source of nonlinearity. As discussed in Section VII, the nonlinearity in the
stiffness becomes more pronounced in compliant mechanisms
when they undergo large displacements. The large deflection
condition is a relative term that is defined based on the
dimensions of the flexures, which are much smaller in MEMS
nanopositioners than in macroscale positioners. In addition,
as explained at the end of Section VII, the limited out-ofplane dimensions of flexure mechanisms in MEMS nanopositioners can also be a source of parasitic motion. However,
in macroscale nanopositioners, flexures can be fabricated significantly larger, and hence behave much more linearly for a
given displacement range. In these devices, the main source of
nonlinearity is the actuator. Piezoelectric stack actuators used
in macroscale nanopositioners display significant hysteresis.
Dealing with this type of nonlinearity is difficult, although
numerous methods have been proposed in recent years to
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model and invert piezoelectric hysteresis [8]. In comparison,
the nonlinearity associated with electrostatic and electrothermal actuators in MEMS nanopositioners can be modeled as
a static nonlinearity that can be inverted and included in
the feedback control system in a relatively straightforward
manner [66], [162].
Among the factors that affect the performance of a MEMS
nanopositioner, vibration should be singled out as a particularly difficult problem. MEMS nanopositioners are typically
highly resonant systems whose transfer functions include lowdamped poles, very close to the j ω axis [6]. These modes are
easily excited by external disturbances and noise, and they
may also become excited due to the nature of the actuation
signal. This is a key issue in certain applications in which a
MEMS nanopositioner is used as a scanner and is made to
follow a triangular raster pattern; the resulting scan-induced
vibrations limit the open-loop bandwidth of the scanner to
approximately 1/100th of its dominant resonance frequency.
The dominant resonance frequency, and hence the operational
open-loop bandwidth of a MEMS nanopositioner, can be
increased by stiffening the device. However, this typically
leads to a smaller range of motion that may not be an
acceptable proposition [53].
Feedforward [180] and feedback control methods [6] have
been extensively used for nanopositioning. In model-based
feedforward control the dynamics of the MEMS positioning
system are inverted to force the MEMS positioner to follow a
set-point. This method works well when an accurate model
of the MEMS device is available. However, it offers little
robustness to modeling uncertainties, drift, and disturbances.
Feedforward methods are most effective when used in conjunction with feedback [181].
Feedback is used in MEMS nanopositioning systems for
vibration control and tracking of a set-point that may,
or may not be, a repetitive signal. The frequency response
of the MEMS nanopositioner shown in Fig. 17 is depicted
in Fig. 14a. A characteristic sharp peak and its corresponding
rapid phase transition are visible at approximately 3.5 kHz.
A variety of feedback control design methods can be used
to augment damping of the resonant modes of a MEMS
nanopositioner and flatten its frequency response. Robustness
is a key concern with these methods. MEMS devices are
batch produced with tolerances as high as 10%, meaning that
resonance frequencies could vary significantly from device
to device. Furthermore, resonances can shift with operating
conditions such as temperature, loading, etc.
It is possible to design high-performance controllers with
remarkable robustness properties for a MEMS nanopositioner,
if it has a negative imaginary frequency response, i.e. its phase
remains between 0° and −180° for all frequencies [182].
Negative imaginary frequency responses occur in many
MEMS devices that contain collocated, and compatible,
actuator-sensor pairs [7], [141], [157], [183]. Positive position
feedback control [184], resonant control [185], and integral
resonant control [186] have been applied to highly-resonant
systems with significant success. Apart from stability robustness, some of these controllers are known to lead to noiseresilient closed-loop systems. For example, in [14] application

Fig. 14. (a) Frequency response of one axis of the MEMS nanopositioner
presented in [155] and depicted in Fig. 17. (b) A typical feedback control loop
for a MEMS nanopositioner. G(s) represents electromechanical dynamics of
the positioner (assumed to be linear); y is the positioner’s location; yre f is the
positioner’s desired location; K 1 (s) augments damping of the nanopositioner,
and thus flattening its frequency response; K 2 (s) is a tracking controller;
u f f is a feedforward input to improve tracking performance of the overall
system.

of resonant control to a MEMS nanopositioner was shown to
result in a “controlled” positioning accuracy of 0.25 nm under
ambient conditions. This was achieved with electrothermal
displacement sensors that were subject to noise levels higher
than the positioning accuracy that was ultimately obtained.
In addition to vibration control, feedback is used in MEMS
nanopositioners for reference tracking. A typical feedback
system is schematically shown in Fig. 14b. Feedback is needed
when the nanopositioner is required to follow a pre-defined
trajectory from one point to another, or to follow a repetitive
pattern. The latter is required in scanning applications, where
the need for repeatability makes feedback a necessity [187].
Feedback has also been used to counter the presence of
cross-coupling in nanopositioning systems. It is possible to
significantly reduce the effect of cross-coupling through good
mechanical design, particularly at low frequencies. However,
these effects are often more profound at or close to resonance
frequencies, and may lead to a poor performance during fast
manoeuvers. H∞ control [21] has been employed successfully
to reduce the cross-coupling effect in macroscale nanopositioning devices. This method is expected to work equally well,
if applied to MEMS nanopositioners.
Having access to a good measurement of position is a necessity in feedback-controlled MEMS nanopositioners. Whereas
in macroscale nanopositioners, high-performance position sensors (such as optical interferometers) can be acquired and
integrated into the system, in a MEMS nanopositioner, position
sensors must be fabricated on chip, in a limited available space.
This could set limits in terms of sensor bandwidth and noise
that should be factored into the control design phase. However,
electrostatic actuation in MEMS enables functionalities unique
to this type of system. Recent efforts have established that
in electrostatically-actuated nanopositioners, it is possible to
combine the sensing and actuation functionalities in the same
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Fig. 15. Schematic diagram of a typical AFM. The XY nanopositioner moves
the sample along the in-plane directions, while the photodiode measures the
cantilever deflection. The Z-axis nanopositioner can also be used in closed
loop to maintain a constant interaction force between the cantilever and the
sample.

drive [188]. In particular, it has been shown that resonant
dynamics of electrostatic MEMS nanopositioners can be significantly damped using a self-sensing method [189].
IX. A PPLICATIONS
In recent years, the significant size and cost benefits provided by MEMS technologies have been a key driver for the
rapid adoption of inertial sensors in a vast range of consumer
electronics products including smart phones, gaming systems,
and digital cameras. Despite the prior existence of macroscale
accelerometers and gyroscopes, the ability to provide multiaxis sensors in a small, low-cost package that is easily integrated with other electronic components has greatly expanded
the range of potential applications for these devices [190].
In a similar manner, the ability of MEMS nanopositioners to
provide high-precision mechanical motion in a compact form
factor may prove to not only provide cost and size advantages
for existing positioning applications, but may open up a range
of entirely new uses. To date, MEMS nanopositioners have
been demonstrated in a wide range of applications in science
and technology, including AFMs, data storage systems, optical
systems, and in manipulator devices. The following section
discusses the use of previously proposed MEMS nanopositioners based on their application.
A. Atomic Force Microscopy
The AFM is a type of scanning probe microscope, and
is used to obtain high-resolution measurements of a sample’s topography down to the atomic scale. Fig. 15 shows
a schematic representation of the major components of a
typical AFM. The device operates by exploiting the interatomic forces that exist between the tip of a sharp probe
and a sample surface. To perform a scan, a microcantilever
featuring a sharp probe is brought in proximity to the sample
to be interrogated. The sample is scanned underneath the probe
using an in-plane nanopositioner, while at each scan point, the
inter-atomic forces between the probe tip and the sample cause
the microcantilever to deflect. The deflection of the cantilever
represents the sample height at each point, with the deflection
typically measured by a laser beam reflected off the back of
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the cantilever using a position sensitive detector (PSD). The
topography of the sample is produced through knowledge of
the precise in-plane position of the sample and its corresponding height at each point.
Whereas AFMs conventionally use macroscale nanopositioners such as piezoelectric tube scanners to position the
sample beneath the probe, MEMS nanopositioners can also
potentially be used as the XY scanner. Implementing a
microscale scanner not only significantly reduces the footprint
of one of the main components of the AFM, but also provides a
number of other advantages that include lower manufacturing
costs, the ability for batch fabrication, and potentially higher
operating bandwidths [62], [66]. In addition, demonstrating the
feasibility of MEMS-based scanners represents a significant
step toward the development of a fully MEMS-based AFM
system. This concept may potentially lead to major improvements in cost and portability that would greatly expand the
device’s range of suitable applications.
A number of novel MEMS-based nanopositioners have
been demonstrated. Designed for use in a fast AFM, a highbandwidth MEMS nanopositioner with bulk piezoelectric actuators is proposed in [49]. Since this PKM nanopositioner
uses piezoelectric stack actuators, a quasi-monolithic fabrication process is employed. The nanopositioner and its test
set-up are shown in Fig. 16a. For in-plane displacement sensing of the nanopositioner’s stage, highly-doped piezoresistive
resistors are implemented in the device’s flexures. Another
MEMS nanopositioner is proposed in [7], where a standard
micromachining process is used for fabrication. Electrostatic
actuators together with electrothermal displacement sensors
are employed, and the device was operated in closed loop
as the XY nanopositioner in an AFM.
In the above mentioned nanopositioners and other typical
AFMs, a raster scan method is normally used to obtain images
of a sample. As using a triangular signal for one axis of the
the raster scan trajectory requires the use of a nanopositioner
with a large bandwidth, a number of other non-raster scan
methods have also been proposed [191], [192]. One of these
methods, known as Lissajous scanning, is implemented for a
novel XY MEMS nanopositioner in [9]. A scanning electron
microscope (SEM) image of the nanopositioner is shown
in Fig. 16b, as well as close-up views showing the incorporated
clamped-clamped beam flexures and the electrothermal sensors
with shaped heaters. The device features a displacement range
in excess of 20 μm and a bandwidth of approximately 1.3 kHz
along each axis. A maximum scanning frequency of 1000 Hz
was demonstrated using the Lissajous scanning method, with
the scan time for a window size of 20 μm×20 μm being 0.23 s.
Using a serial kinematic mechanism for MEMS nanopositioners is normally more challenging, largely due to the
nature of MEMS fabrication processes leading to difficulties
in providing the necessary signal routing paths to the inner
stage. Nevertheless, using an SKM is a highly attractive option
for MEMS nanopositioners designed for AFM. An SKM
stage shows a negligible amount of cross-coupling between
its axes of motion and it can be designed to achieve one
high-bandwidth axis, which highly suits the nature of raster
scanning.
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Fig. 16. Various MEMS nanopositioners that have been proposed for use as a scanner within an AFM. (a) A MEMS stage reported in [49], with piezoelectric
stack actuators and piezoresistive sensors. ©IOP Publishing. Reproduced with permission. All rights reserved. (b) A PKM MEMS nanopositioner reported
in [9] with electrostatic actuators and electrothermal sensors. (c) An SKM MEMS nanopositioner presented in [141]. The backside of the inner stage is
depicted in the close-up view showing the use of the suspended substrate.

Fig. 17. SEM image of the XY MEMS nanopositioner proposed in [155] for use in an AFM. Close-up views show the piezoresistive sensors for the Y axis,
flexures and tethering beams, and gold features. The stage at the center of the device has dimensions of 1.8 mm × 1.8 mm. An AFM image of the gold features
is also presented. The printed circuit board (PCB) contains the actuation and sensing circuits. © 2015 IEEE. Reprinted, with permission from [155].

In [141], a 2-DOF SKM nanopositioner is proposed for use
within an AFM, as illustrated in Fig. 16c. Through the use of
the suspended substrate, visible in a close-up view, the required
electrical routing to the inner stage become possible. The
device features electrostatic actuators and electrothermal displacement sensors for both axes, and it is implemented using a
standard MEMS fabrication process. Testing showed that the
use of electrothermal sensors in the inner stage can induce
cross-coupling between the two axes of motion, as a result of
being driven by passing electrical current through mechanical flexures. Hence, an additional capacitive sensing method
is also implemented, as schematically depicted in Fig. 9a
in Sec. VI-A.
The tilted-beam bulk piezoresistive sensors described in
Sec. VI-B are implemented in a 2-DOF MEMS nanopositioner

in [155], with the device also being proposed for use as an
AFM scanner. Since the modified sensors in this nanopositioner provide a higher bandwidth of up to 50 kHz, the device’s
frequency response shows nearly zero delay. This makes the
implementation of various control algorithms straightforward.
In order to test the AFM’s performance together with the
MEMS nanopositioner, gold features with in-plane dimensions
of a few micrometers and a height of 520 nm were fabricated
on the stage to act as a sample for AFM imaging [7], [9],
[141], [157]. Fig. 17 shows an SEM image of the device, closeup views of the device’s main components, the test set-up for
AFM imaging, and the obtained AFM image.
The characteristics of a number of MEMS nanopositioners
that are designed for use in an AFM are summarized in Table I.
The key parameters for comparison are the nanopositioners’
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TABLE I
A S UMMARY OF THE F EATURES OF MEMS N ANOPOSITIONERS U SED AS AN XY S CANNER W ITHIN AN AFM

bandwidth, displacement range, and cross-coupling. The type
of on-chip displacement sensors and the method used for AFM
imaging are also presented.
In addition to the nanopositioner, the scanning probe is
another of the AFM’s major components that should be
miniaturized as a step toward the development of a microscale
AFM. MEMS nanopositioners that feature an integrated scanning probe have therefore also been proposed; in this case,
the general idea is to move the probe above the sample
rather than moving the sample beneath the probe. In [193],
a proposed device comprises an XY electrostatically-actuated
stage connected to a sharp tip that is designed to function
as an AFM probe. Characterization showed that the in-plane
displacement range and resonance frequency of the device are
3 μm×3 μm and 16 kHz, respectively. The AFM probe was
used in open loop to produce an image of a silicon carbide
needle. Two MEMS nanopositioners, each with an embedded
STM probe, are proposed in [194]. Each of the devices has an
electrostatically-actuated stage for in-plane displacement, and
another torsional stage to move the STM probe out-of-plane.
Parallel plate electrostatic actuation is used for out-of-plane
displacement, with the stationary actuation plate fabricated
beneath the moving plate. The device is used to construct an
image of a sample with 300 nm wide gold/palladium tracks.
A similar concept of a cantilever with torsional suspension
and parallel plate actuation is also used in [174]. In this case,
the active cantilever is embedded within an XY scanning stage.
An in-plane displacement range of 24 μm along each axis and
a vertical displacement of 7 μm for the cantilever is reported.
Using piezoelectric actuation for an active cantilever is
reported in [183]. This silicon-on-insulator device, called a
probe scanner, features a stage with dimensions of around
2.2 mm × 0.65 mm that is used to position a microcantilever. Electrostatic actuation is implemented to achieve
in-plane displacements of around 10 μm and a resonance
frequency of around 3 kHz for both the X and Y axes.
A deposited layer of AlN acts as the piezoelectric material,
allowing the cantilever at the end of the stage to be actuated in the out-of-plane direction at its resonance frequency.
An improved version of this device is reported in [195], where
the addition of a focused ion beam-deposited tip allows the
system to function as an on-chip AFM. Show in Fig. 18a,
the probe scanner is used to obtain tapping-mode topographic
AFM images with an imaging range of up to 8 μm × 8 μm.

With the use of a high-side charge sensing implementation,
a single AlN transducer is used for simultaneous actuation
and sensing of the microcantilever. Integrated electrothermal
sensors measuring the motion of the stage allow the in-plane
positioning of the cantilever to be performed in closed loop,
resulting in a tracking error of approximately 16 nm during
imaging.
In [196], an on-chip AFM fabricated using a CMOS-MEMS
process is used to perform frequency modulation imaging.
Piezoresistive sensors and electrothermal actuators are implemented together with an embedded AFM cantilever, which
can be displaced in a 3-DOF cylindrical coordinate system.
The potential problem of feedthrough between sensing and
actuation is alleviated through the use of a thermally balanced
pair of piezoresistors. Fig. 18b shows a version of the singlechip AFM reported in [197], where an imaging resolution of
20 nm is experimentally demonstrated.
B. Probe-Based Data Storage and Lithography
MEMS nanopositioners have been used as one of the
essential components of probe-based data storage systems.
IBM’s Millepede was the major system used to pioneer this
concept, with its operation being based on the thermomechanical recording and retrieval of data encoded as nanometerscale indentations in a polymer thin film [169], [198].
In Fig. 19, the Millipede probe-based data storage system
is schematically shown. AFM cantilevers are implemented to
read/write and erase the data on the polymer film, with the
presence and absence of an indentation in the storage medium
being considered a logical “1” and “0”, respectively.
The achievable data rate in this device is limited by the
resonance frequency of each AFM cantilever [199]. Hence, to
be comparable with other memory devices, the read/write data
rate is improved by incorporating an array of AFM cantilevers,
as is visible in Fig. 19. In [198], a very thin layer of PMMA is
used as the polymer recording layer and a 2D array of 32 × 32
AFM probes is implemented for data storage/retrieval. Here,
indentations with a size of about 30 nm − 40 nm and a similar
size pitch are achieved, leading to a data storage density of
approximately 400 − 500 Gb/in2 . In [200], the feasibility of
achieving a data storage capacity in excess of 1 Tb/in2 is also
discussed.
To write, read, and/or erase the data, the polymer medium
should be positioned underneath the cantilever array with
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Fig. 19. Schematic of the Millipede probe-based data storage system, with
a 2D array of AFM probes being located above the MEMS nanopositioner.
© 2003 IEEE. Reprinted, with permission from [3].

Fig. 18.
(a) A silicon-on-insulator on-chip AFM designed for tappingmode AFM imaging. The PCB contains a high-side charge sensing circuit
that enables simultaneous actuation and sensing of the integrated microcantilever [195]. (b) The packaged and wire-bonded single-chip AFM presented
in [197]. The total size of the AFM chip is 0.7 mm × 1.6 mm × 0.25 mm.
© 2015 IEEE. Reprinted, with permission from [197].

in [14] and [169] and shown schematically in Fig. 19.
As the nanopositioner does not possess built-in position sensors, electrothermal displacement sensors are fabricated on the
AFM cantilever array chip located above the stage.
More recently, many of the technologies demonstrated
within Millepede have been repurposed for the development of thermal scanning probe lithography systems by
SwissLitho [204], [205]. In this application, a cantilever with
a heated tip is used to selectively remove areas from a heatsensitive photoresist deposited on a substrate, resulting in a
high-resolution pattern suitable for use in subsequent fabrication processes. The lateral pixel pitch is around 20 nm, with
the scanning of the cantilever across the substrate currently
being performed using a macroscale piezoelectrically-actuated
nanopositioner.
The use of MEMS nanopositioners to position the cantilevers may potentially lead to significant gains in the throughput of scanning probe lithography. As the serial nature of
the writing process is one of the main factors limiting the
achievable throughput [206], parallelizing the process through
the use of microscale probe arrays may greatly increase the
effective patterning speed. The cantilever array configuration used for Millipede demonstrated array sizes of up to
64×64 cantilevers; adapting this type of parallelization for the
scanning probe lithography process would lead to an increase
in throughput by a factor of more than 4000 [206].
C. Optical Applications

nanometer precision. To perform this task, various MEMS
nanopositioners have been proposed (e.g. [201], [202]).
An XY nanopositioner with voice coil motors as actuators
is proposed in [60]. This device features a mass-balancing
mechanism to transfer the actuation force to the stage, and
also render the device robust to environmental vibrations.
The device is fabricated from 400 μm-thick silicon, and a
displacement range of 120 μm with a resonance frequency of
around 165 Hz for both axes are experimentally demonstrated.
Another MEMS nanopositioner using electrostatic actuation
and a similar mechanical design is reported in [203].
The nanopositioner in [60] is used in a closed-loop
positioning system for probe-based storage as reported

Optical systems represent an important application for
MEMS positioners. Since the 1980s, significant levels of
research and investment have been dedicated to developing
a range of MEMS-based optical devices [207], [208]. One
of the most notable examples of MEMS in this field is the
development of micromirror arrays for displays, such as the
digital micromirror device introduced by Texas Instruments.
MEMS micromirrors and scanners have also seen use in
telecommunication systems, largely in fiber optic networks
for optical signal conditioning. Finally, biomedical instruments
such as endoscopes have benefited from the use of optical MEMS systems, leading to cheaper in vivo diagnostic
instruments [208].
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Fig. 20. SEM image of the fabricated micromirror device reported in [91]
while it is actuated to produce piston-like out-of-plane motion. The device’s
electrothermal actuators are labeled. © 2009 IEEE. Reprinted, with permission
from [91].

Fig. 21. The inner stage of a 3-DOF electromagnetic micromirror [210].
© IOP Publishing. Reproduced with permission. All rights reserved.

MEMS micromirrors and scanners do not normally feature
on-chip sensing schemes, and they are therefore typically
used in open loop. While the precision of the displacements
achieved by such devices are usually not reported, the literature
in this area provides a valuable source of design ideas that
can also be harnessed for the implementation of novel MEMS
nanopositioners. Thus, a number of optical MEMS scanners
are briefly reviewed here.
A large out-of-plane displacement is often a desirable feature for micromirrors as it provides the flexibility to perform a
range of optical tasks, including active alignment [209], [210].
By slightly modifying the design and incorporating a displacement sensing scheme, these devices can also be suitable for
generic nanopositioning applications. In [209], a stage with
four actuating beams is proposed. The device’s 920 μm-long
beams are partially coated with a layer of PZT, and a relatively
large out-of-plane displacement of up to 120 μm is obtained
with a resonance frequency of 200 Hz.
Electrothermal actuators have also been extensively used
to produce out-of-plane motion for optical micromirrors.
A bi-morph actuator is incorporated in an out-of-plane stage
in [211], with a displacement range of around 620 μm and
a thermal response time of 25 ms being achieved. Another
electrothermal scanner design is reported in [91], and is
shown in Fig. 20. A modified form of ISC actuator, referred
to in this case as a folded dual S-shaped (FDS) actuator,
is used for the device. An out-of-plane motion of 480 μm
with a thermal response time of 10 ms is obtained. The device
also demonstrates tilting along two axes with a range of
approximately ±30°.
Given the possibility of using these designs for generic
nanopositioning applications, other parameters including
cross-coupling between different axes of motion should also
be considered. For instance, a lateral shift of about 10 μm
and a parasitic tilting of 0.7° was reported for the stage
in [211]. In the device presented [91], however, these values
are approximately 2 μm and 0.5°, respectively. This device
also demonstrates the ability to perform repeatable and stable
scanning over a test time of around two weeks.
In [212], a MEMS scanner is presented that uses electrostatic actuation and a gimbal mounting mechanism to provide

two axes of tilting. By exploiting an asymmetric electrical
field, which is produced through designing an additional
electrode, an out-of-plane force is generated that results in a
tilting motion. Electromagnetic actuation is used for a 3-DOF
MEMS micromirror in [210], and which is shown in Fig. 21.
The device provides actuation by passing an electrical current
through gold coils in the presence of an external magnetic
field. As shown in the figure, “bridge” connections are fabricated on the stage to provide the required signal routing for the
coils. Due to the large actuation force provided by the device,
it can be used for active fine alignment in static mode. An outof-plane displacement range of ±42 μm and two tilting angle
ranges of ±4.2°and ±9.2°are reported, with bandwidths along
each of its axes ranging from 3.4 kHz to 7.3 kHz.
In addition to tilting micromirrors, optical MEMS devices
have also made use of in-plane stages. Chevron-type electrothermal actuators are used in [213], where an XY stage
is proposed for image stabilization in cell phone cameras. The
stage of this MEMS device carries the image sensor; to counteract image blurring due to shaking of the sensor, the MEMS
scanner moves the image sensor as required to compensate
for the external motions. The device provides a displacement
range of around 27 μm with a rise time of 21 ms, while a
maximum parasitic displacement of approximately 1.4 μm is
observed, resulting from cross-coupling between the axes of
motion.
A serial kinematic MEMS scanner is proposed in [214]. By
implementing a micro-lens on the stage, the device can be used
as an optical scanner. The device is fabricated monolithically
from the device layer of a silicon-on-insulator wafer, with the
electrical routing to the inner stage being performed using
small “bridges” fabricated from the wafer’s buried oxide layer
and its handle layer (substrate). A similar concept is also
used in the serial kinematic MEMS nanopositioner shown
in Fig. 16c. A displacement range of ±37 μm and a resonance
frequency of 550 Hz are demonstrated for the inner stage,
while these values for the outer stage are ±28 μm and 290 Hz,
respectively.
Another 2-DOF optical scanner with a serial kinematic
mechanism is reported in [215]. In this design, a glass microlens is monolithically integrated with the scanner during the
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Fig. 22. Schematic diagram of a MEMS serial kinematic optical scanner with
integrated micro-lens, presented in [215]. © IOP Publishing. Reproduced with
permission. All rights reserved.

microfabrication process. As schematically shown in Fig. 22,
the device features electrostatic actuators for both axes, while
glass isolation blocks are implemented for signal routing
without compromising the device’s mechanical integrity. The
device is proposed for use in endoscopic applications, and
features resonance frequencies of around 3.2 kHz and 2.2 kHz
for the inner and outer stages, respectively.
A sensing concept with the ability to measure large outof-plane displacements of a micromirror has recently been
proposed [216]. In this method, two resonators are implemented by microfabrication of coils and capacitor plates on
a glass substrate, which is bonded beneath the micromirror.
Each capacitor, together with an inductor, forms an LC cell.
The cells oscillate at a high frequency, with one cell functioning as a transmitter and the other as a receiver. The
inductors are coupled via an aluminum coating on the mirror.
An out-of-plane displacement of the mirror (stage) causes the
inductive coupling to change, and the amplitude of the inductive coupling signal between the coils is then a measurement
of the displacement. Resolutions of 280 nm in a 1 mm range
and 20 nm in a 130 μm range are obtained with an oscillation
frequency of 9.4 MHz.
D. Other Applications
MEMS nanopositioning stages have also been used within
a variety of manipulation systems. As illustrated in Fig. 23,
two electrothermal MEMS nanopositioners are used in a
multi-probe finger manipulator in [79]. Each 2-DOF nanopositioner can move a probe throughout a workspace size
of 50 μm × 50 μm Through the use of these two nanopositioners (each with its own probe), operations such as gripping,
moving, and in-plane rotation of micrometer-size objects have
been demonstrated.
In [217], a MEMS nanopositioner with electrostatic
actuation and capacitive displacement sensing is proposed
for nano-manipulation operations inside an SEM or transmission electron microscope (TEM). The force obtained by the
electrostatic actuators is amplified using a lever-toggle
mechanism, while a PID controller is implemented to provide

Fig. 23.
2-DOF electrothermally actuated MEMS nanopositioners used
within a manipulation system [79]. © IOP Publishing. Reproduced with
permission. All rights reserved.

closed-loop control of the end effector’s position. Experimental testing shows that a positioning resolution of 0.15 nm is
obtained, and that a motion range of ±2.55 μm and an output
of force of 98 μN are achievable.
The problem of positioning small samples inside a TEM has
also been addressed through the use of a 3-DOF planar MEMS
manipulator, as proposed in [218]. The device is characterized
optically, with a displacement of around ±10 μm along the
X and Y axes and a rotation of approximately ±2° around the
Z axis being obtained. This electrostatically actuated device is
proposed for positioning samples with dimensions of around
10 μm ×20 μm ×0.2 μm. A 6-DOF precision manipulator is
also reported in [64] for positioning samples with similar
dimensions.
Surface micromachining is used for the implementation
of an XYZ micro-manipulator in [219]. The device features
three linear independent inputs, and more than 250 μm of
out-of-plane displacement is obtained.
A number of MEMS nanopositioners have been proposed
as general purpose devices, with the XY stage in [87]
being one such example. Two types of electrothermal actuators, chevron-type and pseudo-bimorph actuators, are used
together with piezoresistive displacement sensors. A general
purpose 3-DOF stage is presented in [65], with both electrostatic parallel plate and comb-drive actuators being used.
Out-of-plane positioning of a probe is attempted in [111],
where an electrostatic levitation force is used to provide
actuation together with a torsional suspension system, while
a capacitive sensing mechanism is used for displacement
measurement.
A 6-DOF MEMS nanopositioner is proposed in [93]. The
device, known as the μHexFlex, uses six electrothermal
actuators (the pseudo-bimorph actuator presented in Fig. 6b)
that are paired together and connected with bow-shaped flexures, as shown in Fig. 24. The device does not provide
an on-chip sensing mechanism. Characterization shows that
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Fig. 24. SEM image of the 6-DOF MEMS nanopositioner with electrothermal
actuators reported in [93]. TMA stands for thermo-mechanical actuators.
To produce out-of-plane motion, two electrothermal actuators (each insulated
by an oxide layer) are used on each side, © 2016, with permission from
Elsevier.

the device provides a translational displacement range of
8.4 μm × 12.8 μm × 8.8 μm and an angular displacement of
up to 1.1° × 1.0° × 1.9°.
X. C ONCLUSION
The use of MEMS fabrication processes has been a driver
of recent major developments in the field of nanopositioning. This paper has reviewed the current state of MEMS
nanopositioners, showing that a range of actuation, sensing,
and design principles are employed to enable their use in
a diverse range of applications. When implemented as part
of a closed-loop system, MEMS nanopositioners are a robust
method of providing high-precision mechanical motion that
is comparable with traditional macroscale nanopositioners.
However, their microscale fabrication provides significant
additional advantages in terms of factors such as footprint and
ease of manufacturing, leading to invaluable new capabilities
for both traditional and emerging applications.
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