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ABSTRACT Many motion-active materials have recently emerged, with new methods of integration
into actuator components and systems-on-chip. Along with established microprocessors, interconnectivity
capabilities and emerging powering methods, they offer a unique opportunity for the development of
interactive millimeter and micrometer scale systems with combined sensing and actuating capabilities. The
amplification of nanoscale material motion to a functional range is a key requirement for motion interaction
and practical applications, including medical micro-robotics, micro-vehicles and micro-motion energy
harvesting. Motion amplification concepts include various types of leverage, flextensional mechanisms,
unimorphs, micro-walking / micro-motor systems, and structural resonance. A review of the research state-
of-art and product availability shows that the available mechanisms offer a motion gain in the range of 10.
The limiting factor is the aspect ratio of the moving structure that is achievable in the microscale. Flexures
offer high gains because they allow the application of input displacement in the close vicinity of an effective
pivotal point. They also involve simple andmonolithic fabricationmethods allowing combination of multiple
amplification stages. Currently, commercially available motion amplifiers can provide strokes as high as 2%
of their size. The combination of high-force piezoelectric stacks or unimorph beams with compliant structure
optimization methods is expected to make available a new class of high-performance motion translators for
microsystems.

INDEX TERMS Compliant, energy harvesting, flexure, geometrical gain, leverage, MEMS, micro-robotics,
motion amplification, motion translation.

I. INTRODUCTION
The continuing evolution of microelectronics since the 1950s
has been the cornerstone of information technology devel-
opment, enabling seamless information processing, storage
and transfer. It has also enabled a rapid development of
microfabrication and integration techniques, with a wide
range of material integration and lithographic tools that have
recently reached the sub- 15 nm range. In turn, the combina-
tion of these techniques with active materials and integrated
moveable microstructures has opened up new capabilities
in sensing, actuating and power-generating microdevices.
The thickness limitations of planar Si fabrication processes
were addressed to a significant extent by the introduction
of Micro Electro Mechanical Systems (MEMS) methods,
such as thick metal electroplating, up to 100 µm, deep reac-
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tive ion etching, and standardized integrated methods such
as LIGA (Lithographie, Galvanoformung, Abformung). The
emergence of Motion Processing Units (MPUs), which are
already abundant due to their presence in virtually all smart-
phone devices, is indicative of the successful integration of
electromechanical sensors into integrated microchips.

While Si integration is currently available or viable for
a surprisingly wide range of sensors, the implementation
of integrated actuation systems is not as favorable, because
actuation usually requires interaction with the macro scale,
indicatively in the range of a few millimeters and above.
Examples of such applications include robotics, micromo-
tors, precision positioning, displays, microfluidics and the
control of optical systems. The typically used actuation
mechanisms, for example piezoelectric, electrostatic or elec-
trothermal, provide a direct displacement in the nanometer
to micrometer range. This can be increased by applying
large electrical fields, for example by using piezoelectric
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multilayers or by large aspect ratio piezoelectric or elec-
trostatic microstructures. The displacement can be further
increased by employing geometrical and dynamic mecha-
nisms, implemented in the micrometer or millimeter scale.

Such motion amplification mechanisms can provide an
interface among nanoscale, microscale and millimeter scale
systems. They have enabled various technologies includ-
ing XYZ precision control and micromanipulator tools
for medical micro-robotics. Beyond actuating applications,
motion amplification mechanisms can improve ultrasonic or
vibration coupling at interfaces for sensing, and pro-
vide convenient motion translation methods for energy
microsystems. In addition, the translation from large-force/
small-displacement to small-force/large-displacementmotion
can be used in sensor systems to improve sensitivity to input
force. Finally, microscale motion amplification mechanisms
are expected to provide a key missing element for the imple-
mentation and controllable testing of micro-robotic systems
in real environments.

The desire for large motion in the microscale, in combi-
nation with the availability of advanced and mature micro-
machining methods, has allowed the implementation of a
large range of prototype devices and systems, which is
diverse in type of active material and operating princi-
ple. The rapid development of recent years has already
yielded new commercial products beyond the established
piezoelectric unimorph or electro-thermal V-beam actuators,
in the millimeter scale. In 2008, Ouyang et al presented a
review of micro-motion systems, following an application-
oriented method with an economic impact analysis, sug-
gesting that the combination of piezoelectric elements with
compliant structural designs could lead to cost-effective actu-
ators. Since then, rapid progress in materials, devices and
system integration, in combination with emerging additive
(3D-printing) and subtractive (laser-based) manufacturing
methods, have opened up new opportunities for integrated,
nanoscale-actuated interactive microsystems.

This paper aims at reviewing and classifying the various
motion amplification mechanisms that have emerged from
recent research. In addition, it aims at providing a simplified
descriptive and quantitative analysis of the physical concepts
behind the various motion amplification implementations.
In this way, an understanding of fundamental capabilities and
limitations of each is obtained. State-of-the art research and
commercially available devices are reviewed and compared,
and the prospects of motion amplification for micro-actuator,
micro-robotic and energy microsystems are discussed. The
review is focused on mechanisms that provide significant
(i.e. large) motion amplification. Therefore, a comprehensive
review of general motion translation systems for sensors and
actuators is beyond the scope of this work.

The paper is structured as follows. In Section II a brief
overview of piezoelectric, electrostatic and electrothermal
actuation mechanisms is presented including their challenges
in achieving large direct displacement. In Section III, the
general concept of motion amplification at system-level

abstraction is introduced, and in Sections IV, V and VI the
various methods of motion amplification are reviewed, orga-
nized as direct, indirect and dynamic mechanisms respec-
tively. In Section VII, the concept of compliant mechanisms
as a systematic method for designing motion amplifiers
is overviewed. Finally, conclusions are presented
in Section VIII, highlighting key points towards achieving
large motion range in the microscale.

II. ACTUATION MECHANISMS
In order to actuate motion in themicroscale, a variety of phys-
ical mechanisms can be employed. The main mechanisms
that have been successfully used in state-of-art microsys-
tems are piezoelectricity, bulk material electrostatic forces,
and thermal expansion. Electromagnetic actuators are not
favorable in the microscale and for this reason are rarely
used. The direct motion range of piezoelectric, electrostatic
and electrothermal actuators is very important to the discus-
sion of motion amplification mechanisms, and is therefore
overviewed in the following paragraphs.

The piezoelectric effect is based on the polarized nature of
interatomic bonds in certain dielectric materials. The applica-
tion of an electric field affects their lattice constant, thereby
providing expansion or contraction. Bulk piezoelectric mate-
rials provide a maximum actuating displacement in the order
of 0.6 nm per volt of applied field in the field direction, and
0.26 · ar nm per volt of applied field in the perpendicular
direction, where ar is the perpendicular-to-parallel aspect
ratio of the material. These correspond to the d33 and d31
piezoelectric coefficients of soft PZT, which are some of the
highest in commercially available piezoelectrics [1]. Single-
crystal piezoelectric materials exhibit higher coefficients
(e.g. 1.6 nm/V for single-crystal PMN-PT [2]) at the expense
of increased fragility and other practical issues.

In order to achieve high displacement at practically usable
voltage levels, the electric field can be applied in the short
direction of an active material block, thereby increasing dis-
placement by ar · d31/d33, or by using piezoelectric mul-
tilayers, which multiply the strain for a given input volt-
age. Both methods can result in motion output in the tens
of nanometers per volt range. For example, the PZT beam
of [3] achieves displacement of several micrometers at 300 V,
while the Multi Layer Actuators of Cedrat Technologies
provide displacements up to 20 µm [4]. The ultimate lim-
iting factor of practically achievable stroke by an active
material layer is its tensile strength or dielectric breakdown
limit.

Electrostatic actuation is based on the electrostatic force
between surface charges on two structures that can move with
respect to each other. Charging is achieved by application of
an electric potential difference, or by electrostatic induction
on a conductive or semi-conductive material. A parallel-plate
geometry is usually employed, and the resulting motion can
be either parallel or perpendicular to the plate direction. The
displacement range is determined by the structure geome-
try and limitations on the applied voltage due to dielectric
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breakdown and the pull-in effect. According to Paschen’s law,
the air breakdown limit in the gap range of 1-10 µm is in
the 300-2000 V range [5]. The pull-in effect restricts stable
operation to gap widths above 1/3 of the original size; beyond
this limit the gap will close completely [6]. The resulting
contact is undesirable due to possible structural damage or
breakdown, and also to avoid sticking due to van der Waals
adhesion. Devices typically employ cantilever, zipper [7] or
comb [6] implementation geometries, to increase capacitance
and thereby force [5].

Electrothermal actuation employs the elastic thermal
expansion of materials with increased temperature. The ther-
mal expansion coefficient of bulk materials results in low
direct displacement. For example, Si and Al exhibit strains of
2.6·10−6 /◦C and 25·10−6 /◦C respectively. Polymers exhibit
higher coefficients, such as 100-200 ·10−6 /◦C for polyethy-
lene, but their high elasticity hinders coupling of their motion
with other microsystem materials. Electrothermal actuators
are typically used in V-beam or unimorph structures [8] to
increase displacement, as will be discussed in Sections V.A
and V.C of this paper.

A wealth of other actuation mechanisms has been
proposed for micro- and nano-scale actuation, including
liquid crystal polarization, ionic gels and fluids, surface
tension, shape-memory alloys, photo-actuation based on
photo-induced charge accumulation at interfaces or on photo-
thermal effects [9], and chemical actuation. A review of
such mechanisms, with emphasis on soft actuators, has
recently been performed by Hines et al [10]. Magnetostric-
tion and electrostriction have also been proposed, with the
latter showing significant promise for long aspect ratio
devices [11].

While the motion range of these mechanisms is suitable
for sensor applications, actuation typically requires a much
larger range, often in the mm scale and beyond. For this
reason, a variety of mechanical motion amplification systems
has been proposed, studied and is currently used in key tech-
nologies including biomedical microgrippers, micro-mirror
scanning displays, microscopy, and high precision position-
ing systems. A detailed overview of these methods including
conceptual analysis, research and application examples is
presented in the following sections.

In order for an actuation mechanism to be usable for
mm-scale displacement through a motion amplification sys-
tem, it must be capable of providing a non-trivial amount
of power, operate at reasonable speed, indicatively in
the 1 Hz order of magnitude or better, and offer mature
and controllable fabrication techniques, compatible with the
micro-machining state-of-art. For these reasons, the actua-
tion mechanisms that are commonly used in motion ampli-
fication systems are piezoelectric, electrostatic and elec-
trothermal. It should also be noted that in the microscale,
most mechanisms use flexing supports rather than sliding
or rolling as commonly employed in conventional engineer-
ing, due to surface tension limitations and difficulties of
lubrication.

FIGURE 1. Top: Block diagram of a force and displacement transmission
system. Motion amplification aims at increasing displacement at the
expense of force reduction (geometrical advantage). Force amplification
increases the force at the expense of a smaller stroke (mechanical
advantage). Bottom: Conventional linear (left) and rotational (right)
examples of motion amplification by leverage and gearing respectively.

III. MECHANISMS FOR MOTION AMPLIFICATION
A motion amplification system translates an input motion
with a given pair of displacement sIN and force FIN to a
new motion with displacement sOUT and force FOUT . This
is illustrated in Fig. 1:top. In the general case, the input
and output are functions of time, and assuming linearity the
system transfer function is a complex matrix, dependent on
input frequency. The system can also store and dissipate
mechanical energy. Dynamics play an important role in per-
formance and reliability of such systems, but they are very
specific to implementations. In order to allow for a simple-
to-use analysis and comparison of the very diverse range of
amplification techniques, in this paper, the following simpli-
fications are made:

1) The transfer function of motion amplitude, sout/sin is
assumed to be a real, constant number, g, independent
of the input. This is called motion amplification ratio
or geometrical gain.

2) The systems do not dissipate or store mechanical
energy. Therefore:∮

FINdsIN =
∮
FOUT dsOUT (1)

3) The effect of adding a mechanical load to the output
is not considered. The consideration of the different
mechanisms is performed under zero load conditions.

4) The discussion focuses on geometrical gain. The
force (mechanical) gain or reduction is not considered.

As an example, the simple lever mechanism, illustrated
in Fig. 1:bottom, left, provides a geometrical gain of:

g =
sOUT
sIN
=
L2
L1

(2)
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Similarly, for a simple gearing mechanism, the geometrical
gain, expressed in rotation angles is given by:

g =
ϕOUT

ϕIN
= −

D1

D2
(3)

When necessary, non-linear or dynamic effects may still
be discussed in this review. For example, in the case of
amplification by mechanical resonance, the geometrical gain
is highly frequency dependent. In addition, in Section VII,
the generic system design method of compliant mechanisms
is discussed, where the general case of a complex transfer
function may be used.

Many practical systems employ complexities such as
multiple amplification structures in a single implementa-
tion. Here, a mechanical concept-based categorization is
attempted, grouping the various mechanisms into the fol-
lowing three types: Direct leverage, Indirect Leverage and
Dynamic Motion Amplification. Direct leverage includes
simple lever structures. Indirect leverage includes beam
buckling and V-shaped beams, interfacial asymmetries, lat-
tice strain mismatch (Unimorph), flextensional mechanisms
and the Scott-Russel mechanism. Dynamic amplification
includes fast-repeatable motion cycles such as micro-walking
and micro-motors, and resonance motion amplification.
These motion amplification mechanisms are reviewed in the
following sections.

IV. DIRECT LEVERAGE
Different MEMS lever structures have been implemented
to amplify the stroke of piezoelectric actuators. In [12], a
single-crystal PMN-PT active material is used to achieve
amplification from 1 nm to 7 nm at 1 V, for aircraft applica-
tions. A MEMS leverage mechanism demonstrating 12 µm
displacement from a PZT actuator driven by a 1 kHz,
20 V amplitude signal is used in [13] as a flow modulation
valve. Mechanical resonance may have contributed to the
large amplification ratio of this device. This mechanism is
discussed in Section VI.B of this paper. At a larger scale,
in [14] 3D printed Ti alloy levers are employed, demonstrat-
ing a geometrical amplification of 6, with a 50 µm motion
range, from piezoelectric actuator devices with up to 10 µm
stroke at 150 V. The technology is used to implement an
XY nano-positioning stage.

MEMS leverage has also been used in electrostatic actu-
ators. In [15], leverage is used to control mirror rotation for
scanner arrays. Electrostatic comb actuators are used on the
short end of the levers, thereby obtaining a larger stroke on the
mirror. A±6.7o rotation is obtained at 75V. In [16], an out-of-
plane displacement of 1.45 µm from a simple parallel plate
electrostatic actuation at 47 V is reported, using a leverage
with a geometrical gain of 2. An SEM image of this device
is shown in Fig. 2. In [17], an electrostatic comb structure is
combined with a ×2.8 lever, achieving 60 µm of displace-
ment at 80 V by a 5.5 mm × 6.0 mm microgripper. A simple
×3 seesaw leverage MEMS structure has also been used for
configurable capacitors, demonstrating a 0.15 pF – 0.5 pF

FIGURE 2. A MEMS lever structure with a geometrical gain of 2,
by Ren et al. from the Chinese Academy of Sciences [16].

IOP Publishing. Reproduced with permission.

capacitance range from a 0 – 15 V actuation voltage [18].
An electrostatic relay with 8 µm contact displacement has
been reported in [19] using a 0.7 mm long lever structure.

Electrothermally actuated MEMS levers have also been
employed in various systems, usually in combination with
other, more complex amplification stages. Such works are
reviewed as part of the various other amplification types in
the following sections. As a characteristic example, a leverage
mechanism with a motion gain of 10 is demonstrated in the
electrothermal MEMS of Steiner et al. [20].

V. INDIRECT LEVERAGE
A. BUCKLING AND V-SHAPED BEAMS
An indirect method of leverage is using the buckling of a
flexible beam. A geometrical description is shown in Fig. 3
top-left. When a lateral force is applied by an active material
(red in Fig. 3), asymmetry in the stress distribution can result
in perpendicular deformation. A small longitudinal displace-
ment 1x results in a larger perpendicular displacement 1y,
thereby providing motion amplification.

An implementation variant of the bending beam mech-
anism is the V-beam actuator, where a V-shaped beam is
used instead of an arc deformation. In many implementations,
a flexure hinge is employed, as shown in Fig. 3: top-right.
This structure is called a flextensional [21] or bridge-type [22]
motion amplifier and can comprise more than one flexure.
For a single hinge at the beam center, because the deforma-
tion concentrates at the hinge the amplification gain can be
calculated by assuming a triangular geometry.

An analysis of this simplified geometry is presented
in Fig. 3: bottom. At a given bending angle θ1 and
at constant V-shape leg length L, an infinitesimal lon-
gitudinal displacement dx results in a perpendicular
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FIGURE 3. Top-left: Beam deflection results in motion amplification
between the longitudinal and vertical directions. Top-right: The
bridge-type flextensional implementation. Bottom: Geometrical analysis
assuming a triangular geometry, for bending from a starting angle, θ1to
an angle θ2. The bold black and grey lines represent the starting and final
positions respectively. The thin grey line shows an infinitesimal angle
change with displacements dx and dy.

displacement dy such that:

g = dy/dx = −x/y = −cotθ1 (4)

where g represents the geometrical advantage. Eq. (4) can be
used as the displacement gain for small1x values. For larger
displacements resulting in angle change from θ1 to θ2, the
geometrical gain can be found by integration, giving:

g(θ1, θ2) = −cot((θ1 + θ2)/2). (5)

This simplified analysis can be used for the calculation
of motion amplification from a single–flexure geometry.
In addition, it can provide an approximate first estimate for
deflected beam structures, for small input displacements.
In practice, complex bridge structures and other geometries
are used, often in applications where precision is a key
objective. Therefore, more accurate analyses and simulation
techniques are required. Flextensional motion amplification
devices are discussed in more detail in Section V.D of this
paper.

As an example, in a V-Shaped, 3 mm long beam motion
amplifier, a gain of around 19 is demonstrated for an optical
accelerometer application [23]. This large gain is achieved
by operating at a very low angle, around 2 degrees, and by
the negligible mechanical load requirement of optical sensing
applications. V-Shaped beams are also typically used for
motion amplification of electrothermal actuators, but with the
active element along the L-long hypotenuse of the triangle
in Fig. 3: bottom, giving a displacement of dL at constant x.
In this case, the geometrical gain is:

g = dy/dL = sin−1θ (6)

Gain values over 5 are given for angles lower than 20o.
In this range, the gain is practically identical to that

FIGURE 4. Top: Example of electrothermal chevron MEMS actuator by
Brown and Bright, 
Springer. Reproduced with permission [25]. Bottom:
Example of electrothermal actuator in combination with a deflecting
beam from the nanofabrication laboratory of the University of Utah [26],
Reproduced with permission.

of Eq. (4). In electrothermal actuators, multiple thermally
expanding V-beams are used in parallel, in a chevron-like
geometry, for higher actuation force [24]. An electrothermal
chevron structure example is shown in Fig. 4: top, by Brown
and Bright [25].

On the bottom of Fig. 4, a combination of such an
actuator with a secondary beam-deflection amplification
stage, by the nanofabrication laboratory of the University of
Utah, is shown [26]. In this group, various other interest-
ing actuating structures have been developed for educational
purposes [26].

In combination with a lever and employing a misalign-
ment method to apply the chevron actuator displacement
very near the lever rotation center, in [27] a total geomet-
rical gain of 85 is reported. In the work of Bergna et al.
for nano-positioning systems, a MEMS chevron structure is
implemented for a thermal actuator, demonstrating displace-
ment of 5 µm [28]. This displacement is further amplified by
flexure structures to strokes up to 80 µm [29].

A similar nano-positioning systemwith an 83× 83µmdis-
placement capability was also reported in [30]. Asmentioned,
flexure based structures are discussed in Section V.D of this
paper. Another thermally-actuated V-beam implementation
for MEMS optical switching obtaining a maximum stroke of
200 µm is reported in [31]. Similar structures in combination
with buckling beams have also been proposed for bi-stable
MEMS switches [32]. Finally, in [20] a V-beam thermal
actuator device has been developed, achieving displacement
of around 50 µm from environmental temperature change
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FIGURE 5. Motion transmission by tangential stress. Left: Concept
description. Right: Conceptual illustration of an implementation using
stress between two elliptical structures (right-top) and an elliptical in a
rectangular structure (right-bottom).

between ±35 oC. The thermal expansion of the 0.4 mm
long Ni beams that are used is 5 nm/K and is amplified by
the V-beam and a MEMS lever, each providing a motion
gain of around 10. This novel approach is proposed for pas-
sive temperature sensing. A magnetostriction-based chevron
V-beam actuator has also been proposed by the same group
in [33], demonstrating displacement output of 10 µm, by the
application of a 14 mT magnetic field. The overall size of this
device is 4 × 2 × 0.4 mm.

B. INTERFACIAL ASYMMETRIES
Another possible leverage-based motion amplification mech-
anism is obtained by employing the interfacial forces between
two surfaces pressing against each other due to expansion.
The forces are perpendicular to the interface tangential sur-
face, and depending on the resting geometry can induce
a linear or rotational motion. A linear motion example is
illustrated in Fig. 5 (left). The angle between the interface
tangent and the resting orientation determines the relation
between the expansion displacement 1x and the linear dis-
placement 1y. The geometrical advantage will be g = cotθ ,
similarly with other cases.

One rotational motion example is the case of an elliptical
cylinder confined and abiding to a larger elliptical cylinder or
parallelepiped, as illustrated in Fig. 5 right top and right bot-
tom respectively. Expansion of the internal ellipsoid results in
interfacial force at an angle with the radial plane, and hence
in a net torque, causing the ellipsoid to rotate. The rotation
angle obtained by a given expansion displacement can be
calculated analytically in two dimensions from the equation
system of the two cross-section curves and the condition of
a single solution in the y-positive half plane. In the case of
an elliptical enclosure of a and b large and small semi-axes
respectively, if a′ and b′ are the large and small semi-axes of

FIGURE 6. Calculated rotation due to expansion of an elliptical cylinder
confined in a rigid elliptical box (Fig. 5, right, top), using Eq. (5). Sharper
rotation occurs for smaller k2. The required expansion factor for right
angle rotation is equal to k2.

the inner ellipse, the abutment condition at a rotation angle θ
from the vertical orientation gives:

cos2θ =
(a2 − a2) · (b′2 − b2)(
a2 − b2

)
·
(
a2 − b2

) (7)

A parametric analysis of this system is possible by defining
k1 = a/b, k2 = a′/b′ and assuming an initial internal ellipse
large axis a′0 = b, such that the factor µ = a/a′0 = a/b
corresponds to the expansion ratio. At µ = 1 the ellipse is at
the vertical position and Eq. (4) can be written as:

cos2θ =
(k21 − µ

2) ·
(
k22 − µ

2
)

µ2 ·
(
k21 − 1

)
·
(
k22 − 1

) (8)

For these parameters, the following restrictions apply:
k1, k2 ≥ 1 and 1 ≤ µ ≤ k1. As an example, results of
θ versus µ, for a case of k1 = 2 and varying k2 are shown
in Fig. 6.

If k2 ≥ k1, i.e. if the internal ellipse is more eccentric, the
rotation maximum θ = 90o is achieved when µ = k1. This
corresponds to the three solid lines in Fig. 6. When k2 < k1,
maximum rotation is achieved when µ = k2. In practice,
this means that the required expansion for 90o rotation is
determined by the internal ellipse fabrication method accu-
racy. For example, a fabricated ellipse with semi axes ratio of
k2 = 0.001 is expected to rotate by 90o when it expands by
a factor of 0.001. In other words, if an ellipse confined in its
long direction expands such that its short semi axis becomes
equal to the initial long semi axis length, it exhibits right angle
rotation. The case of a rectangular enclosure corresponds to
that of an ellipse with very large k1.

The method described in this section has not been
employed in practice for motion amplification, and while
sliding or rolling engineering in themicroscale is challenging,
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FIGURE 7. Motion amplification due to lattice strain mismatch. The
vertical lines do not necessarily represent the atomic layer but rather,
they represent general adhesion.

it is foreseen as a promising method for the near future.
Afterall, a variant of this method has been employed inmicro-
motor devices, where a frame-confined piezoelectric disc is
excited in various modes, resulting in continuous rotational
motion [34]. This type of micro-motor is called a hula-hoop
or wobble motor.

C. LATTICE STRAIN MISMATCH (UNIMORPH)
The use of a unimorph (or bimorph) is one of the most com-
mon methods for motion amplification in millimeter scale
actuators. A structure that includes one active and one passive
layer is called a unimorph, while a structure with two active
layers is called a bimorph. Their operating principle is based
on the different lattice constant contraction factor between
materials, in response to an actuating mechanism such as the
application of an electrostatic field (piezoelectrics), a mag-
netic field or a temperature change. A stack of an active and a
passive material is fabricated in a beam structure. The lattice
constant strain mismatch induced by the actuation mecha-
nism results in stress at the interface which is relaxed in a
bending orientation. This mechanism is graphically described
in the atomic level in Fig. 7. The horizontal bonds are shown
to demonstrate the effect of contraction difference, while the
vertical bonds provide a picture of local adhesion between
the two layers. Therefore, the vertical lines do not necessarily
represent atomic layer bonds, and in any case are not meant
to suggest an epitaxial interface.

In practice, the displacement of a unimorph depends
on material properties, fabrication method and interface
quality as well as on the structure shape and dimensions.
For unimorph design and performance prediction, beam
theory and material simulation are typically employed.

FIGURE 8. Geometrical calculation of motion amplification achieved by a
unimorph. In the inset, the corresponding calculation assuming an active
and an uncompressed atomic monolayer at a constant distance b is
illustrated.

The deflection of different beam geometries and mounting
cases in response to a given applied force, or to a specific
actuation mechanism, can be calculated analytically (e.g. the
analysis of Timoshenko in [35]). For an estimation of motion
amplification capability, a simple geometrical analysis can
be employed. In such an analysis, the deflection angle θ
and vertical displacement 1y are sought. An unmounted
unimorph of length L and thickness b is considered, bendable
in the y direction. In this consideration, the strain along the
direction of b can be neglected and the bottom beam length is
considered constant. This is illustrated in Fig. 8. In practice,
the bottom beam length expands and therefore b can be
considered as the depth of the zero-strain plane (neutral axis)
of the beam. This is not illustrated in Fig. 8, for geometrical
simplicity.

The structure has the same cross-section along the
z-direction (i.e. perpendicular to the paper in Fig. 8) and
therefore the analysis can be performed in two dimensions.
Assuming a constant bottom length, negligible thickness
compression and negligible edge effects, an active layer
shrinking by 1L results in a circular bending as shown on
the right of Fig. 8. The top side arc will have a radius R and a
length of L-1L, while the bottom side arc will have a radius
of R+b and a length of L. The total bending angle and vertical
displacement with then be:

θ =
1L
b

(9)

1y =
L
θ
· (1− cosθ ) (10)

The same result is derived by considering an active
and a passive, uncompressible atomic monolayer, mounted
together by uncompressible but rotatable bonds. This orien-
tation is shown in the inset of Fig. 8, and it also corresponds
to accordingly bonded structural blocks. A top layer lattice
constant shrinkage by α′ − α = 1x results in trapezoidal
cells with top and bottom sides of a′ and a respectively and
equal lateral sides of b. Every cell contributes to a rotation of
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FIGURE 9. Vertical displacement of a unimorph as a function of shrinkage
for different unimorph thicknesses b, calculated from Eq. (10).

the structure by 1θ such that:

sin
1θ

2
=
1x
2b

(11)

In the case of small1θ and a large number of cells giving a
total shrinkage of 1L, this corresponds to Eq. (9). It is noted
that the length b remains the same because in both the beam
and the atomic scale, b is the distance between the active layer
and the zero-strain layer.

An analytical expression of the geometrical gain can be
calculated for small deflection angles θ from Eqs. (4) and (5),
using a 2nd order Taylor series approximation for cosθ :

g =
1y
1L
=

L
2b

(12)

Indicatively, the vertical displacement versus horizontal
shrinkage 1L as calculated from Eq. (10) is plotted for three
different values of b in Fig. 9. The selection of values and
scale is based on realistic beam thicknesses (or zero-strain
plane depths) and active layer expansion that would provide
useful geometrical gain. A geometrical advantage of over 10
can be obtained by unimorphs with thickness below 0.5 mm.

A variety of lattice strain mismatch-based devices has
been studied in the literature and used mainly in actuating,
sensing and energy harvesting applications. They typically
have one or two (bimorph) active material layers deposited
on a passive substrate. Most often, the active materials are
ether thermal expansion based or piezoelectric. Thermally
actuated unimorphs have been extensively used as electrical
switches and fuses. New fabrication techniques have recently
enabled new structures and an expansion of applications.
For example, electrothermal actuation of polyethylene by
printed conductive heating elements has been demonstrated
by Felix Heibeck et al. from the MIT Media Lab, show-
ing impressive bending performance and various application

possibilities [8]. Results show bending of a 25 mm long
device at an angle of 140o.

Piezoelectric cantilever beams have been used as
accelerometers in discrete component form, or as MEMS
systems. They have also been integrated with electronics
into so-called motion processing units. As a long displace-
ment actuation example, in [36] a 0.5 µm PZT / 1 µm
SiO2 cantilever is reported, achieving 150o of rotation and
950 µm maximum displacement from a 15 V bias. Taking
into account the 1.5 mm beam length and assuming a d31 of
0.26 nm/V, the PZT expansionwould be 12µm. Therefore the
950 µm output displacement corresponds to a geometrical
gain of 80. In [37], a 34 mm long, 4.5 µm PZT / 16 µm
aluminium beam is shown to achieve a quasi-static deflection
of 750 µm at 10 V. Assuming again a d31 of 0.26 nm/V,
the PZT expansion would be 20 µm, corresponding to a
geometrical gain of 37.5. In practice, typical commercially
available discrete piezoelectric beam devices demonstrate
much lower strokes at this voltage, in the range of tens ofµm,
due to the thicker substrate used in order to ensure a reliable
rigidity [38].

Beam deflection systems using other actuation mecha-
nisms have also been proposed. A new, electrostatic approach
using the flexure of a 3-shape vertical patterned layer with
underlying airgap has been proposed in [39], showing tip dis-
placement of around 0.3µmat 45V. Recently, an electrostric-
tive material with strain performance as high as 8% at 200 V
has been employed in a unimorph system, demonstrating
deflection of a 35 mm long fiber by 80 µm [11]. Based on
the 1.3 µm active material contraction, this corresponds to a
unimorph-generated geometrical gain of 61.5.

The majority of applications for unimorphs and bimorphs
regards sensing, actuating and robotic functionality. The per-
formance priorities for the former are linearity and sensitivity,
while reliability and large displacement are more impor-
tant for the last two. In addition, unimorphs and bimorphs
have been extensively studied as motion transducers for
micro-energy harvesting applications [40]–[42]. In energy
applications, low-frequency, broadband and high amplitude
operation is desirable, making non-linear materials and archi-
tectures preferable [43]. Furthermore, non-toxic and flexible
active materials are currently key research priorities for all
the aforementioned applications.

Despite their high geometrical gain, the small achievable
final stroke of lattice strain mismatch devices limits their
usage in larger scale actuation applications. However, the
high force that is achieved by these devices makes their
combination with other motion amplification structures such
as flextensional and compliant mechanisms very attractive.
These mechanisms are discussed in Sections V.D and VII of
this paper.

D. FLEXTENSIONAL MECHANISMS
A popular method for amplification of piezoelectric motion
is to use an asymmetric frame such as a rectangle, a rhombus,
or an ellipse. The piezoelectric displacement is applied to the
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FIGURE 10. Flextensional motion amplification concept.

FIGURE 11. Beam, cartwheel and butterfly MEMS flexures developed by
Kim et al. [29] 
IOP Publishing. Reproduced with permission.

long axis of the frame, which results in a larger displacement
on the short axis, in the same manner as with the deflection of
a beam discussed in Section V.A. This concept is illustrated
in Fig. 10.

The flexibility of the frame can originate from the elas-
ticity of the material used, from hinges placed at corners,
or from fabricated flexures along the frame. The flexures can
be designed according to motion type, stiffness, durability
and linearity specifications as well as to observe out-of-plane
deformation limits. Performance prediction and optimization
can be accomplished using general purpose numerical simu-
lation software. A characteristic example of optimized linear
and rotational MEMS flexures is the Si flexures of Kim et al.
shown in Fig. 11 [29].

Implemented flextensional geometries include elliptic,
rhomboidal, moonie, rainbow, cymbal and orthogonal
frames, frames with bridge-type flexures as discussed in
Section V.A, as well as combinations of shapes, and
3D motion designs. A classification of such structures from
Ling et al is illustrated in Fig. 12 [21].

3D implementations in particular can achieve stroke ampli-
fications as high as 30 [44] (or over 40, by fabrication of
theoretically studied and optimized bridge structures, [45]),
because they effectively involve two stages of amplification.

FIGURE 12. Classification of flextensional motion amplification structures
from Ling et al. [21]. 
IOP Publishing. Reproduced with permission.

Negative stiffness mechanisms have also been proposed to
neutralize the dynamic energy stored in the flextensional
mechanism and thereby increase the energy transfer effi-
ciency [46]. Structures incorporating bridge-type amplifica-
tion with additional amplification stages such as leverage
have also been reported [22], [47].

For a given geometry, the motion and force translation rela-
tionships can be calculated. For example, for a rhomboidal
frame of dimensions x and y, rigid beam sides and hinged
corners, the calculation of geometrical advantage gives the
solution of Eqs (2) and (3). As discussed, this triangular
geometry analysis can be useful as an approximate estimate
of motion amplification for more shapes and more com-
plex structures. However, in a variety of flextensional device
applications, precision of motion is highly desirable, and
for those, calculations of higher accuracy are required. Such
applications include nano-positioning XY stages [48]–[50],
controllable tilting for micro-manipulation equipment [51]
and microgrippers [52], including those equipped with force-
control [53].

In order to optimize the design of flextensional devices,
various analytical and numerical models have been devel-
oped. These studies employ the elastic beam theory
and kinematics to derive mathematical models of perfor-
mance [54]–[56]. Enhanced analytical models for bridge
and rhombus type structures have been proposed in [21].
An overview of flextensional geometries is presented and
a mathematical model allowing simplification to a rhombic
structure analysis is introduced. Studies on the maximization
of bridge-type amplification [57], [58], kinematic analysis for
nano-positioning stages [59], flexure stress and fatigue [60],
as well as on the effect of the mechanical load on device
performance [61] have also been reported. A more holis-
tic approach for design optimization of compliant mecha-
nisms has been introduced in the work of Lobontiu [62] and
Lobontiu and Garcia [63]. An overview of this approach is
presented in section VII of this paper.

A microgripper implementation has recently been reported
by York et al., achieving a 106 µm free displacement
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FIGURE 13. The flextensional microgripper from York et al. [3].

IOP Publishing. Reproduced with permission.

and 73 mN of blocked force, from an 8 mm long piezoelectric
beam [3] and 300 V. A photograph of this microgripper illus-
trating clearly the bridge-and-lever structure combination is
shown in Fig. 13. The work in [3] includes an overview of
motion amplification mechanisms with discussion and clas-
sification focusing on size and energy density performance.

A range of products based on this concept are available on
the market, typically using multilayer piezoelectric actuators.
Their final stroke depends on the overall device size. The
APA series of CEDRAT can provide displacements up
to 2 mm between -20 V and 150 V from device sizes up to
139 × 26 × 20 mm (APA2000L) [64]. As a smaller scale
example, the APA50 XS bridge uses a 10 × 5 × 2 mm PZT
multilayer with 10 µm stroke to achieve 70 µm of no-load
displacement output. This corresponds to a geometrical gain
of 7 for the bridge structure. Similar performance is provided
by a series of other manufacturers. For example, the AP830
actuator of Piezodrive provides a displacement of 830 µm
from a -15 V to 150 V voltage range and a 52× 16× 14 mm
device size [65]. The APF710 actuator of Thorlabs provides
a displacement of 1.5 mm between -30 V and 150 V, from a
100 × 18 × 10 mm device, by combination with additional
leverage using a flexure structure [66]. The TITAN series
of QorTek provides various designs with displacement up
to 240 µm and a reported geometrical gain of 12 [67].
A photograph of a device from this series illustrating the
monolithically fabricated flexures is shown in Fig. 14 top.

The Dynamic Structures and Materials (DSM) FPA series
provides displacement up to 2 mm between -20 V and 150 V,
at a size of 96 × 28 × 18 mm [68]. The 134 × 30 × 14 mm
NAC2645 from Noliac gives 950 µm displacement at 200 V,
utilizing a four-beam structure [69]. Finally, the PI P602
series gives 1 mm of displacement between -20 V and 120 V,
at a size of 126× 34× 14mm [70]. All these products employ
a flexure design to improve the geometrical gain. Further gain
is possible by combination with additional leverage such as
in the DSM LFPA series, reaching a displacement as large
as 10mm [71]. A photograph of a DSMLFPA lever-amplified
flextensional bridge is shown in Fig. 14: bottom.

A summary of these examples is presented in Table 1.
Overall, the amplification gain of commercially avail-
able flextensional bridge structures is in the range of 10,

FIGURE 14. Top: Photograph of a QuorTek Titan flextensional bridge [67],
courtesy of QorTek, Inc. Bottom: Photo of a DSM LFPA lever amplified
flextensional bridge [71], courtesy of Dynamic Structures and Materials
LLC. Reprinted by permission.

TABLE 1. Performance of commercially available flextensional bridge
motion amplifiers.

substantially smaller than that achieved or predicted in the
research state-of-art (e.g. 40 in [45]).

E. SCOTT–RUSSELL MECHANISMS
An interesting mechanism to consider in designing lever-
age devices with flextensional joints is the Scott – Russel,
also known as half beam mechanism, which is described
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FIGURE 15. The Scott–Russell linear motion translation concept.

geometrically in Fig. 15 [72]. One end of a beam is confined
to a linear trajectory (e.g. with a slider joint), while the middle
of the beam is linked to a fixed point on the sliding axis with
a revolute joint via another beam. If the link beam length L is
half the primary beam length, the other beam end follows a
linear trajectory perpendicular to the actuating linear motion.
This geometry is used for linear motion translation to the
perpendicular direction.

As a motion amplification mechanism, the Scott – Russel
orientation is a special implementation of the triangular
geometry analysis of Section V.A. The geometrical gain is
-cotθ , as also shown in [73]. In the work of Ha et al, a gain
of 2 is experimentally demonstrated [73]. Modifications for
different relative dimensions and additional pivotal points
have been shown to improve the geometrical advantage while
maintaining near-linear output [74]. In [75], a total gain of 6 is
achieved by combining a Scott-Russell with a half – bridge
structure. The mechanism is used to implement a decoupled
XY stage. Studies of this and other linear motion translators/
amplifiers for micro-gripper applications have also been
reported [76]. Another combination with a parallel leverage
structure with a 3.6 gain has been demonstrated, enabling
a microgripper system [72]. Last but not least, Sun et al
reported a Scott-Russell / leverage mechanism with a com-
bined gain of 15.5 [77]. A photograph of the microgripper
device is shown in Fig. 16. In such implementations, flexures
take the role of the pin joints of Fig. 15. They offer a pivotal-
point mechanism, and their behavior is equivalent to pin
joints, at least for small angles.

A more systematic design method for optimized combined
structures that can meet predefined motion translation spec-
ifications is that of compliant mechanisms, as discussed in
Section VII of this paper.

VI. DYNAMIC MOTION AMPLIFICATION
A. MICRO–WALKING AND MICROSCALE MOTORS
Repeated micro-motions obtained by transducers can be con-
verted to long-range linear motion and continuous rotation.

FIGURE 16. The Scott – Russell / leverage mechanism of Sun et al. [77].

AIP, Reproduced with permission.

Piezoelectric actuators have been proven to be the most suit-
able for this approach, as their performance supersedes that
of electromagnetic transducers in the microscale. In addi-
tion, they can operate at high frequencies. Electrostatic
implementations using parallel-plate geometries and stepper
motor operation as well as potential wave methods have also
shown significant promise for micro-motor applications [78].
Furthermore, electrothermal micro-walking devices have
been considered, taking advantage of the fast tempera-
ture transients in the microscale [79]. Finally, surface ten-
sion based hydraulic micromotors have been demonstrated
recently, showing significant potential for low-load micro-
actuation [80]. Although micromotors arguably comprise a
different field than motion amplification, a brief overview is
presented in this paper, because they sometimes find similar
applications, such as nano-positioning and xy stage systems.

Piezoelectric motors are based on repeated contraction of
an active layer which shifts a movable part in a step-by-step
manner. Variousmechanisms have been proposed for this pur-
pose, which can generally be categorized into step-sequence
devices and ultrasonic motors. Step – sequence devices can
use one or more piezoelectric legs to actuate a long range
linear motion or rotational motion of a shaft. A variety of
walking styles have been adopted, with most exhibiting bidi-
rectional motion capability. As an example, an inchworm-like
mechanism is described in Fig. 17. It includes two control-
lable clamping legs and a contracting body. Linear motion
is obtained by successive release of one leg, body extension,
re-clamping, release of the other leg, body shrinkage and
re-clamping. Similar systems can also be used for rotating
motion.

It is also possible to produce bidirectional, repeatable net
displacement by pushing a shaft with the tip of a vibrating
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FIGURE 17. The inchworm–like micro-walking motion concept, after
Peng et al. [81].

FIGURE 18. Left: Net displacement by asymmetric vibration of a pushing
beam. Right: Net displacement by slow and fast motion of an internal
inertial mass. After Peng et al. [81].

beam with slower motion in one direction. The functionality
of this method is illustrated in Fig. 18, left. The forward
and backward sweeping speeds of the beam can be selected
such that a fast beam motion overcomes the static friction
resulting in sliding (no shaft motion), while a slow beam
motion drags the shaft. Other implementations exploit the
inertia of an internal mass, when pushed rapidly in one
direction and slowly in the other (Fig. 18, right). This results
in different forward and backward forces appearing on the
shaft. The static friction force between the shaft and the

FIGURE 19. Operating principle of standing wave (left) and travelling
wave (right) ultrasonic motors. Both images are by Peng et al. [81].

Elsevier. Reproduced with permission.

stationary surface can block only the weaker, slow
proof-mass motion force, resulting again in controllable,
bidirectional net motion.

The operation principle of ultrasonic motors is similar
in nature to micro-walking but leads to a more systematic
exploitation of the actuator motion. The fundamental dif-
ference is that motion repetition is obtained in a continu-
ous, analogue manner, as opposed to the discrete steps of
micro-walking. The motion-inducing tip(s) of the actuating
element(s) follows an elliptical trajectory, typically taking
advantage of vibration resonance modes, which can result
in unidirectional or bidirectional motion capability. A large
variety of ultrasonic motor operating principles have been
proposed, with piezoelectric actuation mechanisms in dif-
ferent geometries and sizes, for both linear and rotational
motion. They are classified into standing and traveling wave
motors, as described in Fig. 19.

In standing wave motors, one or more tips are driven by
two perpendicular, harmonic waves resulting in an elliptical
trajectory. It is also possible to achieve elliptical motion by
the superposition of two natural vibration modes of a stator.
Thereby, tip-rotor contact occurs only during one travelling
direction, resulting in rotor shift, as shown in Fig. 19, left. The
motion direction can be determined by the phase difference
between the two signals. An example of special interest is
the dual fin device of Friend et al. [82]. Two different, pas-
sive fins with distinct resonance frequencies are employed,
as illustrated in Fig. 20. Bi-directional motion is achieved by
exciting the structure with one of the two frequencies. A key
advantage of this method is that the stator and the interface
fins are passive, providing significant flexibility to device
design as well as fabrication simplicity.

In travelling wave motors, a travelling vibrational wave
is induced in a stator by applying two actuating signals of
perpendicular phase difference [34]. As a result, each surface
point follows an elliptical path driving a contacting surface
along the opposite-to-the-wave direction, as shown in Fig. 19,
right. The main advantages of travelling-wave ultrasonic
motors are direct control of motion direction, the use of
surface instead of tip contacts, applicability to various geome-
tries including planar, disk, ring and cylindrical structures,
and the ability to induce and control motion of passive shafts
remotely. They can also achieve higher speed. Their power
efficiency is less than 50%, due to the requirement for two
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FIGURE 20. The dual fin device by Friend et al. [82] 
2006 IEEE.

vibration waves, which is considerable lower than the 80%
or more that can be achieved by standing wave motors [34].

In practice, the natural vibration modes of the stator
are employed, because of the high vibration amplitude that
is achieved. A traveling wave can also be achieved by
one vibration source and a vibration receiver, both in con-
tact to the stator. The receiver is not electrically powered
but its resistance can be adjusted to achieve a traveling
wave along the vibration travelling medium. In this way,
a shaft in contact with the stator can be propelled. Various
other ultrasonic motor implementations have been reported.
Applications include camera lensmotion, watchmechanisms,
smart-phone integrated optical zooms, micro-moving and
micro-flying robots, precision positioning, and aerospace
mechanisms. The ultrasonic motor principle has also been
used to propel nanomotors. In [83], ultrasound waves have
been used to propel nano-capsules for drug delivery applica-
tions, using an additional magnetic field for steering. Another
remotely actuated crawling robot was presented in [84],
In that system, magnetically induced vibration is used to
propel a 1 mm diameter biomedical robot inside vessels and
other cavities. More information about ultrasonic motors and
their applications can be found in [85]. In parallel to the
wave dynamics, key important technologies for such systems
include friction engineering, and the optimization of mechan-
ically pre-loading the motion interfaces with a permanent
force.

Other micro-motor types include the hula-hoop or wobble
motor mentioned in Section V.B. Various promising piezo-
electric [34], electrostatic [78], [86] and electromagnetic [87]
implementations can be found in the literature. A more
detailed introduction to micro-walking devices and ultrasonic
motors can be found in the reviews by Peng et al [81],

Takeshi Morita [88], Watson et al [89], Zhao [85] and
Uchino [34]. Pedagogical animations of various piezo-
electric motion concepts are also available from Physik
Instrumente [90].

B. RESONANCE
In the case of periodic motion, it is possible to obtain motion
amplification by exploitation of resonance. If, for example,
a tip is stimulated externally at its natural frequency, each
motion phase contributes energy to the tip. Provided that
the added energy is larger than that removed by damping,
it increases the vibration amplitude. The maximum motion
amplification that is obtained is equal to the oscillator quality
factor Q:

g = Q =
1
2ζ

where ζ is the damping ratio. This type of motion amplifica-
tion is not applicable to quasi-static operation systems such
as micro-grippers, but can be very practical for microsys-
tems with fast repeatable motions such as micro-scanners
andmicro-motors. For example, a micro-scanner with motion
amplification of over 70 at 440Hz, used as a scanner in amag-
netic resonance elastography system, was reported in [91].
Resonance can also be used in combination with other motion
amplifiers and structures that translate linear motion to other
directions or to rotation [92].

Motion amplification can also be achieved by parametric
resonance, i.e. resonance that is indirectly induced by modu-
lating a parameter of the oscillating system, for example by
a perpendicular motion source. Example systems include a
proof mass modulation based torsion spring system for watch
applications [93], and a gyroscope with increased internal
motion range for higher signal to noise ratio [94].

Typical applications of resonance-based motion amplifica-
tion include atomic force microscopy [95] and other nano-
positioning systems that involve scanning, such as the ion-
conductance microscopy XYZ stage presented in [96]. Fur-
thermore, in mirror scanners for displays, synchronous rota-
tional oscillation of micro-mirrors is desirable at high angle
and frequency. This motion range can be directly achieved
electrostatically or electromagnetically, but piezoelectric
implementations are especially attractive for compact, inte-
grated and low power devices. The small displacement of thin
film piezoelectrics can be amplified bymechanical resonance
at a frequency that is suitable for scanning. For example,
in [97], a rotational angle range of 38.5o for a 1.4 mm
wide mirror is obtained by resonance, using a 24 V, 40 kHz
driving voltage. Resonance motion amplification is also used
in electromagnetic micro-mirror arrays to enhance the angle
range, as in [98], where horizontal and vertical scanning with
angle range of 36◦ at 21 kHz and 18◦ at 60 Hz is achieved
using a Ø 1.2 mm mirror.

Structures for motion amplification by resonance are
also used in energy harvesting devices to obtain a large
internal displacement from small amplitude vibrations.
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FIGURE 21. A two-dimensional example of compliant mechanism design.
Top-left: The initial design space and input/output specification.
Top-right: Initial guess of a beam network. Bottom-left: Optimization of
network using numerical simulation. Bottom-right: Optimized compliant
mechanism. By Kota et al. [105] 
Springer. Reproduced with permission.

Direct and parametric resonance have both been studied in
various transducer types and geometries, and for various
motion sources [99], [100]. Introductions and reviews on
motion energy harvesting can be found in [41], [42].

Resonance mechanical amplification is used also in acous-
tic speakers and horn structures, but the resulting acoustic
vibration output is in the form of sound rather than mass
motion. This type of motion amplifier lies beyond the scope
of this review. For some interesting loudspeaker implementa-
tions, the reader is referred to the acoustical patent review of
Fulop and Rice [101].

Beyond the various structure types and design methods
for motion amplification that have been discussed in this
section, the field of compliant mechanisms provides a more
holistic approach for optimized motion translation systems.
This approach is reviewed in the next section of this paper.

VII. COMPLIANT MECHANISMS
A special method of developing systems with motion ampli-
fication is the concept of designing compliant mechanisms.
The concept of compliant mechanisms offers a systematic
method of optimizing a monolithic design to achieve a given
desired geometrical ormechanical advantagewithin specified
constraints. Although not fully researched and exploited, this
method is currently the most developed amongmotion ampli-
fication technologies.

The design approach of compliant mechanisms is based
on seeking a monolithic geometry of a material with given
mechanical properties that provides the desirable transfer
function while optimizing one or more functional param-
eters of the system. Such parameters include size, shape,
energy transfer efficiency, reliability, endurance and reso-
nance modes. As an example, a two-dimensional design case
is described in Fig. 21. The design can comprise a network

of beams of selectable and varying cross sections, includ-
ing flexure joints. The possible combinations are evaluated
by numerical simulations against the optimization criteria,
sequentially or by using a prediction and selection algorithm.
The optimization can be performed either in a single stage,
or in multiple stages through which the first stage design
is refined. Early examples of compliant mechanisms are the
optimized hand-tool of Howell and Midha [102] and the
negative-Poisson’s ratio metamaterial of Larsen et al. [103].
Efforts for integrating compliant mechanisms in energy har-
vesting devices for low frequency, large amplitude motion
have also been reported [104].

A multistage optimization method for designing compliant
mechanisms has been developed byHowell andMidha [102].
In this method, a topology synthesis with an initial pseudo-
rigid-body analysis is performed, by including rigid beams,
flexural joints and flexible beams in an initial geometrical
arrangement. The behavior of flexible beams is modelled as
torsional springs at rigid-body joints. This analysis results in a
first designwith defined rigid links and joints, which gives the
desirable force and displacement translation. In the second
stage, the topology is modified to improve performance in
terms of mechanical / geometrical advantage, size, shape and
energy efficiency [105], within a given set of system con-
straints, such as size or stress limits. Design variables include
the length of rigid beams and the elasticity of the joints [102].
In a third stage, the behavior of the full compliant system is
studied by finite element modelling. This can be done by dis-
cretization of the monolithic structure into elementary parts
and successive analysis of each element as a beam [102], with
additional boundary conditions where needed. If further room
for improvement is identified, the first or second stage design
can be modified and re-evaluated, allowing fine-tuning of
the system response. A dynamic response analysis may also
be included for performance evaluation in systems involving
resonant or dynamic environments or functionality [106].

An overview of compliant mechanism technology, includ-
ing synthesis methods and example microelectromechanical
systems, is available in the textbook of Howell et al. [107].
Furthermore, a comprehensive overview of flexure-based
compliant mechanisms has been published by
Lobontiu [62]. Other topology optimization techniques could
also be employed for compliant systems. In the general
field of topology optimization, a material distribution func-
tion that minimizes a set of optimization parameters under
given constraints is sought. This research field was rapidly
developed in the previous two decades, introducing various
new approaches, including density-basedmethods, evolution-
ary structural optimization, and boundary variation meth-
ods [108]. A bio-inspired method was also introduced which
is based on structural evolution mimicking the process of
cell division. Such a method was employed for the aeroe-
lastic optimization of flapping membranes for micro air
vehicles [109]. For an overview of topology optimization
methods the reader is referred to the reviews of Sigmund and
Maute [110], and of Deaton and Grandhi [108].
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TABLE 2. Summary of motion amplification mechanisms.

In conclusion, thematurity of compliantmechanism design
technology offers a valuable tool for the development of
MEMS with amplified motion range. The advanced analyt-
ical and numerical methods allow synthesis and evaluation
of novel designs customized to application requirements.
The combination of corresponding simulation software, 3D
printing and MEMS fabrication can allow rapid prototyp-
ing of novel actuation, sensing and micro-energy systems in
the mm to µm scale. The wide availability of these tools
can be expected to drive a rapid development in the fields
of micro-robotics, energy harvesting devices and medical
microsystems within the next five years. Opportunities in
this roadmap include the combination of compliant mech-
anisms with advanced nano-materials, the incorporation of
advanced compliant joint technology [111] in the design
analysis, and the integration of activematerials into compliant
structures, which is expected to unlock a new range of micro
motion devices. The development of numerical simulation
software that combines strain and kinematic modeling is
highly desirable in model evaluation, accurate prediction of
performance, structural optimization, and functionality visu-
alization of compliant mechanisms and other motion amplifi-
cation structures. Towards this direction, computational tools
implementing compliant mechanism design algorithms have
been proposed [112]–[114].

VIII. CONCLUSION AND OUTLOOK
The direct displacement that can be provided by state-of-
the-art active materials and microstructures is in the range
of 0.1% of the material size, for reasonable actuating field
or temperature range values. Therefore, motion amplification
mechanisms are required in order to enable actuating func-
tionality up to the millimeter scale, where electromagnetic
actuation is not favorable due to flux availability limitations.
In this direction, the development and integration of higher

strain materials, especially elastomers [115], [116], comprise
a very promising research area.

Direct or indirect leverage is commonly used to achieve
micromotion amplification, both in piezoelectric, electro-
static or electrothermal systems. Simple considerations show
that the geometrical gain available is typically in the range
of the structural aspect ratio that can be achieved. The
employment of flexural joints leads to high performance
because flexures allow the application of input displacements
in the close vicinity of an effective pivotal point. Additional
advantages include fabrication simplicity and the ability of
using multiple flexures on a single monolithic structure. The
motion amplification principle of unimorphs can also be
considered as a type of leverage, with the geometrical gain
being determined by the depth of the zero-stress plane in
a beam compared with the beam length. This depends on
the bending stiffness of the materials used. Finally, dynamic
motion amplification can be achieved either by implementing
a fast, repeatable motion cycle, such as in micro-walking
devices, or by resonance, where an oscillating structure can
accumulate mechanical energy over time.

A summary of the various motion amplification mech-
anisms that have been studied and reviewed is presented
in Table 2. The table includes the theoretically expected
motion amplification as well as the values that are typically
achieved from single-stage implementations in the current
state-of-art. Each leverage stage typically provides an ampli-
fication gain of 10. Multi-flexure flextensional mechanisms
with gains as high as 40 are currently available, with the
output stroke approaching 1% of the device size. Unimorph
structures provide gains as high as 80 by employing thin
films to achieve a high length to zero-stress depth aspect
ratio. Micro-walking structures and micromotors provide a
practically infinite motion range. Oscillator structures can
provide a motion amplification equal to their quality fac-
tor and demonstrated values up to 80 have been reported.
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These two dynamic approaches find very important appli-
cations in cases where repetitive motion (e.g. micro-mirror
systems) or a long traveling range (e.g. precision positioning)
is required.

The combination of microscale, active elements with struc-
tures implementing multiple stage motion amplification is
a very promising approach for integrated microsystems that
need to interact in the macroscale environment, indicatively
at sizes above 1 mm. The employment of the compliant
mechanisms methodology can offer systematic design and is
expected to yield optimized interactive sensor and actuator
systems. In turn, such systems could provide additional func-
tionality, improved compactness and simplicity to current
micromotor – based millimeter scale robotics.

The combination of high-force piezoelectric beam ele-
ments with compliant designs is of special interest because
it could provide large travelling or rotating range for appli-
cations not requiring a high force. The availability of a
wide range of high-performance piezoelectric beams as sin-
gle components and the accessibility of high resolution 3D
printing for various materials provide a simple and low-cost
method for rapid prototyping and testing new ideas. These
could be combined with advanced manufacturing methods
for flexible substrates that have emerged in recent years
including flexures. An example can be found in the advanced
lamination-based flexure fabrication methods developed at
the Harvard Microrobotics Lab. Various motion amplifi-
cation methods have been implemented by these meth-
ods, enabling promising microsystems such as insect-scale
robots [117], [118]. It is expected that based on this state-of-
art, various bespoke, millimeter scale actuator systems offer-
ing amplified motion for specific applications will emerge
in the coming years. For this purpose, the availability of
simulation software with the capability of fast calculation of
kinetics and compliance of structures in 3D would be highly
desirable. Such software is not currently widely available.
Some computational tools with optimization capability can
be found in [112]–[114].

The implementation of motion amplification concepts
is also beneficial for systems actively operating in the
microscale, such as microgrippers and microvalves. As an
example, the microgripper reported in [119] employs direct
leverage to provide a passive gripping action. The integration
of such structures with active materials and other motion
amplification structures is expected to expand the capabil-
ity of state-of-art microsystems. This would directly benefit
application fields of wide importance such as microscale
vehicles, biomedical fibre robotics and micro-robotics for
surgery.

3D nanoscale lithography technologies are expected to
play a major role in implementing motion amplification
techniques in microscale systems. The emergence and rapid
development of the two-photon polymerization (2PP) in the
last two decades [120], [121] has already enabled the fabri-
cation of advanced functional microstructures at sizes as low
as 10 µm. As an example, an SEM image of the microgripper

FIGURE 22. SEM image of a microgripper fabricated on the tip of a Ø 125
µm optical fiber using two photon photopolymerization 3D lithography,
by Power et al. [119]. 
Wiley. Reproduced with permission.

system fabricated by Power et al using 2PP technology is
shown in Fig. 22 [119]. Utilizing this technology for other
materials including metals, by fusion of metal nanoparticles
embedded in the photoresist polymers [122], and its com-
bination with other microfabrication methods such as LIGA
(Lithographie, Galvanoformung, Abformung), is expected to
enable a new class of motion-amplification based microscale
actuators in the near future.

Overall, various new actuation methods have been inves-
tigated and demonstrated in the lab, some of which are very
promising for future applications. However, the combination
of conventional piezoelectric, electrostatic and electrothermal
actuationmethodswithmotion amplification structures offers
a systematic and reliable design space for addressing the
micromotion requirements of a large range of applications.
Therefore, motion amplification systems are expected to play
a central role in the enabling of millimeter and micrometer
scale actuating, robotic, sensing as well as energy systems.
The classification and study presented in this paper provides
an overview, which may assist the development and employ-
ment of new motion amplification mechanisms in applica-
tions requiring microscale motion.
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