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Abstract

This paper presents an exercise in comparing the performance of
microelectromechanical systems (MEMS) actuators and sensors as a

function of operating principle. Data have been obtained from the literature
for the mechanical performance characteristics of actuators, force sensors
and displacement sensors. On-chip and off-chip actuators and sensors are

each sub-grouped into families, classes and members according to their
principle of operation. The performance of MEMS sharing common
operating principles is compared with each other and with equivalent
macroscopic devices. The data are used to construct performance maps
showing the capability of existing actuators and sensors in terms of
maximum force and displacement capability, resolution and frequency.
These can also be used as a preliminary design tool, as shown in a case
study on the design of an on-chip tensile test machine for materials in

thin-film form.

1. Introduction

The past 25 years have seen microelectromechanical systems
(MEMDS) transition from being a research curiosity to a multi-
billion dollar commercial enterprise. At the same time,
the ratio of commercially successful MEMS to the total of
prototype devices created as part of research and development
efforts is small. In large part this low rate of return is
because MEMS development is still in a highly exploratory
phase, where all ideas are considered worth exploring. Given
the range of MEMS devices that have been attempted it
is possible, and timely, to assess the realized performance
of devices as a function of operating principle and also to
compare with macroscale devices. This exercise is undertaken
in the spirit of identifying where opportunities remain to
be exploited and also to consolidate our understanding as
to what device operating principles are best suited for
particular applications. To date the vast majority of MEMS
are either sensors or actuators and so it is appropriate to
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conduct this assessment and comparison for these types of
device.

Sensors and actuators are commonly the interface between
an engineering system and the physical world. For example,
the force or displacement sensors of an electromechanical
system convert a mechanical signal into an electrical one; the
analog electrical signal from the sensor is then passed to the
controller and is amplified, conditioned, converted into digital
format, processed, converted back to analog and finally, the
electrical signal is converted back into a mechanical signal by
a force or displacement actuator. A key contribution of the
development of MEMS technology is that it has enabled the
integration of sensors, actuators and signal processing on a
single chip [1], and their integration has positive effects upon
performance, reliability and cost. The ability to integrate
actuators on chip leads to the possibility of new distributed
control systems [2].

In previous work on the selection of macro actuators
[3], performance characteristics have been defined and
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Table 1. Families and classes of work mechanical MEMS actuators with force and axial displacement output.

Electrostatic Piezoelectric

Thermal

Magnetic

Comb drive [38]
Scratch drive [42]
Parallel plate [46]
Inchworm [49]
Impact [52]
Distributed [53]
Repulsive force [55]
Curved electrode [57]
S-shaped [58]
Electrostatic relay [59]

Bimorph [39]
Expansion [43]

Bimorph [40]

Solid expansion [44]
Topology optimized [47]
Shape memory alloy [50]
Fluid expansion [19]
State change [54]
Thermal relay [56]

Electromagnetic [41]
Magnetostrictive [45]
External field [48]
Magnetic relay [51]

presented in graphical form, thus allowing for a systematic
comparison of the performance of different categories of
actuators. The performance characteristics were estimated
from manufacturers’ data and from theoretical performance
limitations.  Subsequently, a database was set up listing
relevant attributes of commercial actuators [4]. The database
was used to produce performance charts and the practical
application of the database was demonstrated in a case study.
A similar study has been conducted for commercial macro
sensors [5]. To date, no comparable performance charts
for MEMS-based actuators and sensors have been developed,
and little overall consideration has been given to the relative
merits of MEMS actuation and sensing principles [6]. In
the existing literature, a wide range of MEMS actuators and
sensors has been catalogued but with a focus on fabrication [7].
In previous reviews [8, 9] on MEMS actuators the potential
applications of MEMS actuators are described, again with a
focus on competing fabrication processes. The application
of MEMS technology in automotive sensors and actuators is
summarized in [1], but with an emphasis on modelling, design
and packaging issues.

This study assesses the performance of MEMS actuators
and MEMS force and displacement sensors. Databases
of existing MEMS actuators and sensors are created from
literature data and these are used to produce performance
charts. The charts allow for a comparison of the classes of
actuators and sensors, and also allow for a comparison of
MEMS and macro actuators in general. The performance
charts can also be used as a preliminary design tool, as shown
in a case study on the design of an on-chip thin-film tensile
test machine. Clearly several other factors, notably issues
of manufacturability and reliability, are keys to the ultimate
success of an individual device, and these factors must be
addressed in the design process; however this lies beyond the
scope of the current paper.

2. Classification of MEMS actuators and sensors

There are many different types of MEMS actuator and sensors.
In this study, we consider work-producing actuators, force
sensors and displacement sensors, fabricated by surface or
bulk micromachining.

2.1. MEMS actuators

The kingdom of MEMS actuators mainly consists of four
families: electrostatic, piezoelectric, thermal and magnetic. It
is instructive to subdivide each family into classes, as shown
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Table 2. Families and classes of MEMS displacement sensors.

Electron
Capacitive AFM Optical tunnelling
Parallel plate [60] Piezoresistive [61] On chip [62] [63]

Fringe [64] Piezoelectric [65]

Optical [66]

in table 1. For example, the family of magnetic MEMS
actuators comprises the four classes of electromagnetic,
magnetostrictive, magnetic relay and external field. The first
three of these classes are essentially contained on the chip;
however, the external field magnetic actuator has a significant
portion of the device mounted off-chip. This indicates a degree
of judgement in our methodology. We adopt the pragmatic
view that an on-chip device contains most if not all of the
operative elements on-chip.

The number of classes is minimized by grouping different
actuators together as much as possible. For example, the
thermal in-plane flexural actuator [10] is catalogued as a
topology-optimized actuator since the geometry is so designed
to achieve the required motion through thermal expansion. A
representative reference is included in table 1 for each class of
actuator, but this is neither exhaustive nor exclusive. Interested
readers are directed to [11], which contains the complete
database underpinning this work. While on this subject,
it is worth noting that published summaries of research on
particular devices are often lacking key aspects of the device
performance by which it might be compared to other devices.
One of the intended contributions of the present paper is to
promote more rigorous reporting of device performance data.
To this end the classification system presented here can be
developed further, with each class sub-divided into a set of
members, for example, reflecting the many different designs
of comb drive which have been demonstrated.

2.2. MEMS sensors

The kingdom of MEMS displacement sensors can be
structured into the families of capacitive, optical and electron
tunnelling, as shown in table 2. In analogous fashion, the
kingdom of MEMS force sensors comprises the set of families
of piezoresistive, piezoelectric and compliant sensors, as
structured in table 3. For the family of compliant force sensors,
a displacement sensor is used to measure the deflection of
a compliant structure of known stiffness, and this family
subdivides into classes of visual and capacitive sensing. For
the case of visual sensing, off-chip image capture is by optical



MEMS actuators and sensors: observations on their performance and selection for purpose

e00B - - [ —— e -

0000 - <= == SR
Piezoeleciric

™~

00 ------mmmeen |

Topology Optimized State Change

L i L

Magnetostrictive

Maximum Force (M)

Magnetic Relay
LY b

Piezoelectric Expansi

Comb Drive

SMA

Fluid Expansion

Muagnetasirictive '
e /
Electroactive Polvmer

| Thermal Bimarph

/ Freumatic

i
L
Hydraulic

State Change

! 2

180047 turved Electrode

Parallel-Plate

— Inl:hwur'm o { ______________ :L o
Thermal Bimorph :

Impact Actuator

1e-006 Electrostatic Relay EF; Distrihuted Actuator (o T Thermal Relay ...
; ' . ~. Piezoelectric Bimorph : :
Repulsive Force Electromagnetic | . .
te007 1e008 12005 Tet0a 1e002 o an i

Maximum Displacement {m)

Figure 1. Maximum force versus maximum displacement for MEMS and macro actuators.

Table 3. Families and classes of MEMS force sensors.

Piezoelectric

[68]

Piezoresistive

[67]

Compliant structure

Visual [69]
Capacitive [70]

microscopy, confocal optical microscopy, electron microscopy
and probe microscopy [12].

2.3. Construction of databases

Databases comprising 120 actuators, 9 displacement sensors
and 28 force sensors have been constructed using the software
program CES (Cambridge Engineering Selector)®. The number
of existing truly on-chip displacement sensors is limited, as
displacements are usually measured visually off-chip. The
actuator database is generated using the performance metrics
of maximum force, maximum displacement, displacement
resolution and maximum frequency. The displacement sensor
database uses the performance characteristics of maximum
displacement, displacement resolution and maximum
frequency, while the force sensor database uses the
performance characteristics of maximum force, force
resolution and maximum frequency.

The input data for the three databases were gathered from
the existing literature, and came from journal and conference
publications on prototype MEMS devices. If, for a certain type
of actuator, only one value is found for a characteristic, a range
from 80% to 120% of that value is assumed. For cases in which
the magnitude of the characteristic is not found, estimates are
made using related actuation principles. When no frequency
information is reported for an actuator or sensor, the maximum

6 Granta Design Ltd., Unit 300, Rustat House, 62 Clifton Road, Cambridge
CBI1 7EG, UK.

frequency is taken as the natural frequency estimated from a
consideration of stiffness and mass.

Alternative performance metrics, such as actuation stress
and strain, have been introduced in a previous study [3]
on macro actuators but are not used in the current study.
It is argued that for MEMS devices the derived quantities
of actuation force and displacement are of more practical
relevance. It is worth noting, however, that MEMS actuators
promise favourable specific stress, work and power due to the
trend of enhanced strengths at small scales. These advantages
are not realized in the current generation of MEMS actuators
due to packaging and integration requirements.

3. Performance charts for MEMS
and macro actuators

In this section, performance charts for MEMS and macro-
scale actuators and sensors are presented. The charts take as
axes performance metrics such as actuator displacement and
maximum operating frequency. On each of the performance
charts MEMS devices are labelled in bold, and macro devices
are labelled in italics. Since the detailed set of macro actuators
and sensors have been reviewed elsewhere, only selected
macro devices are displayed: the main macro devices are
plotted and those with the same operating principle as the
MEMS devices are plotted if they exist. The software (CES)
used to produce the actuator performance charts plots a given
range in the shape of an ellipse. This is somewhat restrictive:
a device may possess both the highest maximum force and
displacement of its class, and such a device lies (slightly)
outside the boundary shown. The performance characteristics
of the families of MEMS and macro actuators are summarized
in figures 1-3. We consider each figure in turn.
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Figure 2. Displacement resolution versus maximum displacement for MEMS and macro actuators.

3.1. Maximum force versus maximum displacement
of MEMS and macro actuators

Figure 1 presents a plot of maximum force versus maximum
displacement for each class of MEMS actuator, and for macro
actuators of the same operating principle taken from Zupan
et al [4]. The overall envelope of response for the kingdom of
macro actuators is also shown. The macro actuators occupy
a regime of larger actuation force and displacement than the
MEMS actuators, as expected. It is striking from the figure
that a larger number of operating principles can be exploited
in MEMS actuators than in macro actuators. Many MEMS
actuator classes cannot be realized on the macro scale. This
is partly due to the differences in manufacturing routes and
partly due to the nature of the scaling laws of the underlying
physics. For example, the MEMS-based electrostatic comb
drive has a narrow gap between the electrodes and can thereby
produce a high electric field; since this gap is less than
the mean free path of air molecules, the breakdown electric
field is high and a satisfactory performance can be achieved
[13]. At larger length scales the performance deteriorates,
and hence the macro equivalent of the comb drive does not
exist. However, the reverse is also true for certain types of
macro actuators. Some macro actuator classes do not have
an equivalent MEMS actuator class. This can be due to the
difficulty in manufacturing to tight tolerances and to excessive
wear rates with diminishing scale, as in the case of pneumatic
and hydraulic actuators. There remains an opportunity to
downsize macro actuators to the MEMS level.

3.1.1. Characteristics of MEMS actuators. Upon comparing
the different MEMS families, it is noted that the most
ubiquitous family, electrostatic actuators, have a force output
lying mid-range at 107% N—1073 N, but can offer relatively
large displacements of up to 200 um. This can be further
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enhanced by the use of repeated motions or ratchetting
mechanisms, as in scratch drives and impact actuators. The
displacement output of scratch drives and impact actuators is
only limited by the size of the substrate. The highest forces
[14] and the highest displacements [15] of comb drives are
achieved by using topology optimized designs.

The force output of both electromagnetic and
magnetostrictive actuators is relatively low. Forces induced
by magnetic fields scale disadvantageously into the microscale
[16]. Typically, the maximum achievable force is between
10~7Nand 10~* N, and the maximum displacement is between
107> m and 1073 m. To raise the work output of microscale
devices, materials with higher magnetic energy density are
required. Current material choices for micromagnets are not
optimal for magnetic performance, as the choice is limited to
those materials that can be micromachined.

The maximum force of piezoelectric actuators is typically
between 107> and 10~ N and the maximum displacement
between 10~ and 1073 m. Due to the existence of a
range of viable piezoelectric materials, a broad set of design
specifications can be met. Three groups of materials have
been used: low strain piezoelectrics can strain by up to
about 3 x 107>, high strain piezoelectrics can strain by up
to about 2 x 107* and piezoelectric polymers can strain
by up to 1 x 1072 [3]. Since a higher piezoelectric
strain coefficient implies a lower Young’s modulus, the
selection of material for a piezoelectric actuator is a trade-off
between force and displacement. One class of piezoelectric
actuators is the piezoelectric bimorph, which exhibits larger
displacement output at the expense of lower force output.
MEMS piezoelectric actuators do not significantly exceed the
performance of MEMS electrostatic actuators. This reflects
the limitations in the available materials and in the achievable
geometries.
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Figure 3. Maximum frequency versus maximum displacement for MEMS and macro actuators.

MEMS actuators with the highest force capability rely
upon temperature excursions for their operation: shape
memory alloy (SMA) actuators, state change actuators, solid
expansion and fluid expansion actuators. The SMA actuators
offer the highest force capacity along with a moderate
displacement. Large strains of up to 10% and stresses of
up to 500 MPa are possible [17, 18]. The performance of
SMA actuators can be further improved by using topology
optimized designs, like the flexural actuator comprising a
triangular corrugated core with SMA faces considered by
Lu er al [19]. Actuators based on a state change or
fluid expansion also provide high energy densities, resulting
in a high force and displacement output. It has been
shown that the use of a corrugated diaphragm increases the
deflection range significantly for these types of actuators [20].
Thermal expansion actuators can deliver a wide spectrum
of displacements and forces depending upon the choice
of expansion materials. For large actuation displacement,
the thermal expansion coefficient is maximized, typically
requiring the use of polymers [3]. Thermal bimorph actuators
offer a high displacement output at the expense of a lower
force output both on-chip and off-chip.

3.2. Displacement resolution versus maximum displacement
of MEMS and macro actuators

In figure 2, the displacement resolution is plotted against the
maximum displacement for MEMS actuators and a variety
of commercial macro actuators, as reviewed by Zupan et al
[4]. The bold line of slope +1 defines the limit where the
resolution is equal to the maximum displacement. The three
classes of relays lie on this boundary. The further away from
this boundary an actuator lies the more actuation positions are
achievable. In general MEMS actuators offer better resolution
than macro-scale devices, although the best resolution of

all actuator classes is provided by macro-scale piezoelectric
devices. In part this is a result of using stacked actuators with
individually addressable layers, a geometry that has not yet
been realized in MEMS.

In comparison with macro actuators, the resolution of
MEMS actuators relative to their maximum displacement is
limited; most of them have less than 107 discrete positions,
with a clustering along the line for a single bit performance,
where the resolution equals the range. The envelope of MEMS
actuators is within the envelope of macro actuators, in contrast
to figure 1.

3.3. Maximum frequency versus maximum displacement of
MEMS and macro actuators

Figure 3 contains a plot of maximum frequency versus
maximum displacement for each class of MEMS actuator and
a variety of commercial macro actuators [4]. It is striking that
MEMS actuators exist over a frequency range from 1 Hz to
about 10° Hz for a maximum displacement of 1-100 zm.
The macro actuators with the highest frequency response
(~107 Hz) are based upon active materials such as those
with magnetostrictive and piezoelectric responses. In contrast,
the MEMS versions of these actuators have a relatively poor
frequency response. The MEMS devices usually contain thin
films operating in bending or are integrated with a lever,
and both approaches result in low natural frequencies. For
all actuator families apart from the thermal actuators, the
maximum frequency is limited by the first resonant frequency.
The frequency capability of thermal actuators is limited
by the time required to transfer heat into and out of the
actuator. The heat transfer depends on convection at the
surface of the actuator [3] and its specific heat capacity and
dimensions. Only the frequency performance of the family
of thermal MEMS actuators exceeds that of their equivalent
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Figure 4. (a) Displacement resolution versus maximum displacement
displacement sensors.

macro actuators, which is illustrated by the difference between
MEMS and macro SMA actuators, state change actuators and
thermal bimorphs in figure 3. The frequency capability of
MEMS thermal actuators is comparable to other actuation
principles due to the faster heat removal capability at the micro-
scale, which is caused by the increase in the ratio of surface to
volume. In contrast, the frequency of macro thermal actuators
(e.g. SMA, state change actuators and thermal bimorphs) is
less than 10 Hz.

4. Performance charts for MEMS and macro sensors

4.1. Maximum displacement, resolution and maximum
frequency of MEMS and off-chip macro sensors for
displacement

Figure 4(a) contains a plot of resolution versus maximum
displacement, while figure 4(b) gives the maximum frequency
versus displacement for both MEMS displacement sensors
and commercial macro displacement sensors as compiled by
Shieh et al [5]. Again, for the sake of clarity, only the main
macro sensors are shown, including those which share the same
operating principle as the MEMS sensors; see [5] for a full
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and (b) frequency versus displacement for MEMS and macro

plot of the performance characteristics of macro sensors. The
abscissa labelled ‘displacement’ shown in figure 4(b) defines
the operating regime for the displacement sensors: the lower
limit for each class of device is the minimum resolution while
the upper limit equals the maximum displacement achievable.
Similarly, the ordinate of figure 4(b) labelled ‘frequency’
denotes the operational frequency.

The plot of resolution versus maximum displacement,
figure 4(a), contains a set of parallel lines of slope +1, denoting
the number of discrete displacement values, which can be
measured in an analog to digital conversion. The uppermost
bold line defines the limiting case where the resolution equals
the range; on/off switches are of this type.

The MEMS displacement sensors can measure much
smaller maximum displacements than macro displacement
sensors. Also their resolution is less: MEMS displacement
sensors have a ratio of maximum displacement to resolution of
at most 10%, whereas off-chip macro sensors can attain aratio of
up to 10°. This difference is partly due to different operating
principles, and partly because it is difficult to manufacture
MEMS devices to atight tolerance. The MEMS-based electron
tunnelling sensors have a resolution of down to 107! m and
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Figure 5. (a) Force resolution versus maximum force and (b) frequency versus force for MEMS and macro force sensors.

a maximum displacement capability of about 1 nm, because
tunnelling can only occur over that distance.

MEMS displacement sensors typically have a higher
maximum frequency capability than off-chip devices, and
can detect displacements of up to 107 Hz (figure 4(b)). The
maximum frequency can be limited by various factors. For
some devices such as capacitive sensors, the frequency is
limited by the natural frequency of the structure; for others,
such as optical displacement sensors, it is limited by electronic
and environmental noise. Capacitive MEMS displacement
sensors exhibit improved frequency performance compared
to macro sensors, since the natural frequency of the sensing
structure increases with decreasing mass.

4.2. Maximum force, resolution and maximum frequency of
MEMS and off-chip macro sensors for force

Figure 5(a) contains a plot of force resolution versus maximum
force, while figure 5(b) gives the frequency versus force for
both MEMS force sensors and commercial macro sensors as
compiled by Shieh et al [5]. Again, for the sake of clarity,
only the main macro sensors are shown, including those which
share the same operating principle as the MEMS sensors; see
[20] for a full plot of the performance characteristics of macro
sensors. The plot in figure 5(b) gives the achievable forces

for each class of device: the lower limit of the envelope for
each class is the force resolution while the upper limit is the
maximum achievable force.

It is evident from figures 5(a) and (b) that MEMS force
sensors exhibit better resolution than macro sensors but at the
expense of a lower maximum force capability. The achievable
resolution for MEMS force sensors goes down to 107! N,
while the maximum measurable force is approximately 10 N.
For macro force sensors, the best achievable resolution is
107> N and the maximum force is 107 N. Piezoresistive
MEMS force sensors offer the best force sensor performance
in terms of resolution, range and frequency. Piezoelectric
sensors have comparable resolution and frequency capability.
However, they are not capable of measuring a static force due
to the leakage of electrostatic charge [20]. The resolution
of visual/compliant force sensors can be better than the
resolution of capacitive/compliant sensors, but at the expense
of a much more compliant device. The visual/compliant force
sensor can make use of a highly compliant cantilever beam
which deflects under load. The resolution of visual/compliant
force sensors can also be improved significantly by correlating
displacements with changes in light intensity [21]. Force
sensors based on a compliant structure also exist on the macro
scale. They usually employ strain gauges and are labelled

S159



D J Bell et al

Table 4. Existing MEMS mechanical test machines.

Machine  Actuator Force sensor Displacement sensor ~ References
1 Comb drive - Capacitive [27]
2 Comb drive - Optical (off-chip) [28]
3 Solid expansion — — Optical (off-chip) [29]
4 Comb drive Visual /compliant ~ Optical (off-chip) [30]
5 Parallel-plate - Optical (off-chip) [32]
6 Comb drive - Optical (off-chip) [31]

Table 5. Parameters of interest for preliminary design of on-chip
tensile test machine.

Maximum force 1 mN
Maximum actuator displacement 10 pm
Actuator displacement resolution 10 nm
Maximum displacement sensor displacement 1 um
Displacement sensor resolution 1 nm
Force sensor resolution 1 uN

‘strain gauges’ in figures 5(a) and (). Commercial load cells
are of this type.

5. Case study: design of on-chip tensile test machine

By way of an example of how the results of the previous
sections might be applied to a practical problem, the results
have been applied to examine the selection of sensors and
actuators for a micromechanical test device. This is motivated
by the fact that many commercial MEMS devices are made
from thin films. In order to design devices with sufficient
reliability, the mechanical properties of the thin films need to
be known. The mechanical properties of a thin-film material
cannot be assumed to be the same as those of bulk material
[13, 23], as the thin film may have a non-equilibrium
microstructure and the film thickness can interact with the
characteristic length scale of the deformation mechanism.
Consequently, tests have to be carried out on specimens of
similar size to those used in a MEMS structure [13]. Although
a number of microscale mechanical test methods have been
developed [23], it is unclear whether it is feasible to develop
an on-chip mechanical test machine in order to probe the
properties of thin films or whether it is worth developing in
comparison with an off-chip test machine.

Typical examples of techniques hitherto employed for this
task are indentation tests [24], bending tests [25] and resonance
tests [26]. The uniaxial tensile test remains the preferred
choice to obtain the most accurate, unambiguous data for
both elastic and plastic properties of the material. However,
in order to perform a successful tensile test the following
practical considerations need to be addressed: (i) handling and
gripping of the specimen, and alignment with the direction
of the applied force, (ii) the generation and measurement
of small forces and displacements and (iii) accounting for
the effects of friction and machine compliance. One way
to meet these challenges is to integrate the test machine
on a single chip. Existing on-chip test machines are now
reviewed.

Van Arsdell and Brown [27] and Kahn et al [28] initiated
crack propagation in polysilicon in bending with a comb drive
actuator. Kapels et al [29] used thermal actuation to study
fracture strength and fatigue of polysilicon in tension. Dai [30]
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Table 6. Check for preliminary design requirements.

Maximum Maximum

Class force displacement Resolution
Actuator
Comb drive Yes Yes Yes
Scratch drive Yes Yes Yes
Parallel plate No No Yes
Inchworm No Yes No
Impact No Yes No
Distributed No Yes Yes
Repulsive force No No Yes
Curved electrode No Yes No
S-shaped No Yes No
Electrostatic relay No Yes No
Piezoelectric bimorph ~ No Yes Yes
Piezoelectric expansion Yes Yes Yes
Thermal bimorph No Yes No
Solid expansion Yes Yes Yes
Topology optimized Yes Yes No
Shape memory alloy Yes Yes No
Fluid expansion Yes Yes No
State change Yes Yes No
Thermal relay No Yes No
Electromagnetic No Yes Yes
Magnetostrictive No Yes Yes
External field No Yes No
Magnetic relay Yes Yes No
Displacement sensor
Capacitive - Yes Yes
Piezoresistive - Yes Yes
Piezoelectric - Yes Yes
Electron Tunnelling - No Yes
Optical - Yes Yes
Force sensor
Piezoresistive Yes - Yes
Piezoelectric Yes - Yes
Visual /compliant No - Yes
Capacitive/compliant  Yes - Yes

carried out on-chip bending tests to measure Young’s modulus
of thin films. Jeong et al [31] performed resonance tests with a
comb drive actuator to evaluate the elastic properties of single-
crystalline silicon. Only Haque and Saif [32] have used a truly
on-chip tensile test machine to measure thin-film properties.
Their machine uses a comb drive actuator, a force sensor in the
form of a buckling beam and an off-chip optical microscope
to measure the displacement of an on-chip Vernier gauge. The
types of actuator, force sensor and displacement sensor used
in these on-chip test machines are summarized in table 4.

The typical requirements for a thin-film tensile test
machine are listed in table 5. Any conceptual design involves
the selection of an appropriate actuator, displacement sensor
and force sensor; this task is now performed by making use of
the data plotted in figures 1-5.
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Figure 6. Force versus displacement for on-chip MEMS and macro mechanical test machines.

1.E+02

1 E+01 A Maximum Force Sensor Capability (Piezoresistive)

1.E+00 4

1.E01 4 Maximum Actuator Force

1ED2 { » (8MA) Maximum

Minimum Actuator

1.B037 Displacement Displace-
~ 1E04 ] — Sensor Resolution 3 3
Z Jectr Operating Regime of ment  —
& 1ED5 (Electron Potential On-Chi (Scratch
= Tunnelling) otential Un-Lhip Drive)
£ 1ED Systems

1.E07 4

1.E-08 Minimum Actuator Maximum Displacement

Minimum Force ; o
1 E09 4 < Resoluti J__ Displacement Sensor Capability ~— ——
ensor Resolution ; "
! o Resolution (Capacitive)

1.E-10 4 (Piezoresistive) (Piezoelectric Bimotph)

1.E-11 4 l

1.E-12 . . . : . : : . . .

1.E-13 1.E-12 1.E-11 1.E-10 1.E-09 1.E08 1.E07 1.E-08 1.E-05 1.E-04 1.E-03 1Bz

Displacement (m)

Figure 7. Operating regime of potential on-chip systems.

First, only a sub-set of the actuators reviewed in figure 1
possess the required force and displacement capabilities:
comb drive, scratch drive, piezoelectric expansion, thermal
solid expansion, topology optimized, SMA, fluid expansion,
state change and magnetic relay. A consideration of the
displacement resolution shown in figure 2 narrows the
list further to the comb drive, scratch drive, piezoelectric
expansion and thermal solid expansion. A final choice can only
be made by consideration of manufacturability and costs, and
is considered no further here. Second, we select an appropriate
displacement sensor. Figure 4 suggests that capacitive and
optical sensors are candidates. A non-contact technique
is preferred for displacement sensing. The interferometry
technique of Sharpe et al [33], and improved subsequently
by Zupan and Hemker [34], is the best choice. Third,
an appropriate force sensor is selected. Figure 5 identifies

piezoresistive, piezoelectric and capacitive/compliant force
sensors as having the necessary force capability and resolution.
Table 6 summarizes the candidate actuators and sensors, which
meet the preliminary design requirements. It is concluded
that an on-chip tensile test machine for thin-film materials
is feasible, and suitable sensors and actuators have been
identified.

6. A comparison of on-chip and off-chip test
machines

It is instructive to compare the performance of existing MEMS
mechanical test machines with off-chip macro machines such
as the servo-hydraulic test machine. Additionally, potential
on-chip systems can be conceptually designed from new
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Figure 8. Maximum frequency versus maximum displacement for on-chip MEMS and macro mechanical test machines.

combinations of actuator, displacement sensor and force
sensor and the combined performance can be predicted.

6.1. Force versus displacement of mechanical test machines

The force versus displacement capacity is plotted in figure 6
for various mechanical test machines including on-chip test
machines. As before, the minimum force shown by each
envelope denotes the resolution, while the maximum force is
given by the upper limit; the displacement parameter given in
the abscissa has a similar interpretation.

The operating envelope for on-chip MEMS test machines
comes from the published set of machines, as described in
the previous section. The envelope for potential on-chip
systems contains the intersection set of all viable combinations
of MEMS actuators, displacement sensors and force sensors
(figure 7). The data for each class of macro test machine
come from the websites of various manufacturers and from
the published literature. The force in figure 6 spans 21
orders of magnitude while the displacement spans 13 orders
of magnitude. Potential on-chip systems cover a significant
proportion of the full range. In contrast, the existing set of
on-chip test machines have a performance which is mid-range
compared to off-chip machines. A similar performance can be
achieved by macroscale or hybrid approaches such as modified
AFMs or nanoindenters. Indeed, a reconfigured nanoindenter
has been used to carry out thin-film tensile tests [35, 36].

Low force levels in DNA tensile tests are typically
achieved by using optical tweezers [37]. The magnitude of
displacement measured in biological specimens is comparable
to that measured by other test systems. In AFMs low
force levels are achieved through the combination of high
displacement resolution macro piezoelectric actuator and high
force resolution beam sensor.
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6.2. Maximum frequency versus maximum displacement of
mechanical test machines

Dynamic testing in creep and fatigue are important mechanical
tests, and so it is helpful to plot in figure 8 the maximum
frequency and maximum displacement capabilities of the same
test machines given in figure 6. The maximum frequency for
potential on-chip systems is limited by the capability of MEMS
actuators: a wide range of frequency capabilities is anticipated
due to the large spread in frequency performance of MEMS
actuators. The AFM exhibits an exceptionally high frequency
response due to the small size of its cantilever beam.

7. Concluding remarks

The present study presents a comparison of the mechanical
performance of MEMS-based actuators, displacement sensors
and force sensors. Both MEMS actuators and sensors are
compared to macro actuators and sensors. Performance maps
show the capability of existing MEMS (and macro) actuators
and sensors in terms of maximum force and displacement
capability, resolution and frequency. They can be used as a
preliminary design tool, as shown in the case study on the
design of an on-chip thin-film tensile test machine.

MEMS actuators generally occupy a distinct part of the
force versus displacement performance chart.

The performance of MEMS sensors is superior to macro
sensors in terms of resolution and maximum frequency. This
explains why a variety of commercial MEMS sensors, such
as accelerometers and pressure sensors, are widely used. The
low manufacturing costs and small package size also play a
major role in the success of these devices.

Existing on-chip test machines do not offer a unique
capability in terms of force and displacement.  Similar
performances can be achieved by macroscale or hybrid
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approaches such as modified AFMs or nanoindenters.
However, there remains much scope for developing new
MEMS-based on-chip test machines. By careful selection of
actuator and sensors, a wide regime of force and displacement
capacity is anticipated with a wideband frequency response.

Finally, our overarching hope in presenting this work is
that it will prompt more rigorous assessment and presentation
of experimental data for the performance of MEMS.
We believe that this will become increasingly important
as the field matures and funding for research activities
becomes less available. The performance assessment and
selection methodology presented herein may provide a useful
framework for comparing such data.
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