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Abstract 

This article reviews some design considerations for the scaling down in size of 

instruments and machines with a primary aim to identify technologies that may provide 

more optimal performance solutions than those, often established, technologies used at 

macroscopic, or conventional, scales. Dimensional metrology within emerging 

applications will be considered for meso- through micro- down to nanometer level 

systems with particular emphasis on systems for which precision is directly related to 

function.  

In this paper, attention is limited to some of the more fundamental issues associated 

with scaling. For example, actuator work or power densities or the effect of noise on the 

sensor signals can be readily evaluated and provide some guidance in the selection for 

any given size of device. However, with reductions in scale these parameters and/or 

phenomena that limit performance may change. Within this review, the authors have tried 

to assess these complex inter-relationships between performance and scale, again from a 

fundamental perspective. In practice, it is likely that the nuances of implementation and 

integration of sensor, actuator and/or mechanism designs will determine functionality and 

commercial viability of any particular system development.  
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1.0 Introduction 

Although, small-scale machine tools and instruments, such as lathes, have been built for 

many years in the watch-making and other industries, a limited number of these systems 

have been incorporated into modern manufacturing. Most of the small scale machine 

tools and instruments are merely a scaled down version of a conventional machine. 

Typically the accuracy or precision of these small machines is no better, more often 

worse, than that of high-quality macro− machines/instruments. In an effort to identify 

areas of future research, fundamental considerations are used to assess the fidelity of 

possible approaches to common design problems. At extremes of scaling, it is obvious 

that some requirements of machines and instruments such as primary actuation methods 

or position sensing, for example, may be best achieved using different technologies. It is 

important that designers become aware of both the available technologies as well as the 

relevant performance measures as a function of dimensional scale. With this in mind, it 

will then be possible to identify transitions in scale at which different technologies will 

provide a more optimal solution to a design need. 

Key features common to the mechanical systems being considered in this review are 

the ability to provide work in a controlled manner and the use of sensors for feedback of 

process condition, particularly relative motions. Based on the focus of scaling down, two 

major machine requirements are discussed, these being; actuators to provide position 

and/or generate work and sensors for detecting surfaces and measuring relative motions. 

The dimensional scales of the systems classifications referred to in this text are  

1. Meso-systems, being intermediate between human scale devices and micrometer 

mechanisms, implies that major dimensions of such a system will typically be 

measured in millimeters. 

2. Micro-engineering is the intermediate region in which micrometers are more 

sensibly used to specify functional tolerances. This length scale is often 

considered to incorporate MEMS processing.  
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3. Nano-engineering is considered to be any process resulting in devices of defined 

structure or assembly in which the nanometer is the most sensible unit for 

specifying dimensions or tolerances.  

Precision at macroscopic scales is usually considered to start with range to accuracy, 

or range to resolution performance at around 1 part in 105 or better. A similar criterion 

applied to meso-systems immediately implies that, if precision is to be maintained, total 

errors should be below 10-8 m or so. In practice, economics dictates that such high 

precision only be maintained when absolutely necessary for the function of the device. 

Currently, it is our experience that, when assembling small machines using available 

small parts, tolerance stack-up often leads to unacceptable degradation of performance. In 

many processes, to control to the relevant precision will require development of 

metrology and actuation systems of considerably better performance than currently 

available from macroscopic devices. Consequently, these simple considerations indicate 

that dimensional metrology and mechanism design for small-scale machines must 

achieve reliable measurement and positional accuracy at, or approaching, nanometer 

levels. It is possible that, as the size of systems reduce; major differences are likely to 

include the following.  

1. It may be viable to incorporate metrology systems within manufacture and/or 

assembly. 

2. There are likely to be more metrology systems, possibly one for every device. 

3. It must be possible to manufacture these cheaply and utilize automated assembly. 

4. Power consumption will be low while, for systems with inherent losses, efficiency 

will be difficult to maintain or improve. 

5. New, or considerably more compact, methods of communication and data 

handling will be required. Connectors and interfaces often account for a major 

fraction of the volume of a circuit. 
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6. It will be necessary to achieve higher bandwidths and resolution than normally 

required of macro-scale metrology instruments. 

7. Alignments of moving axes and subsequent errors will be particularly difficult to 

adjust and measure. 

8. Measurement frames encompassing the whole instrument may not add significant 

cost and, being small, may be relatively insensitive to environmental variations. 

9. Volumetric dimensions for measurement systems and forces imposed by the 

sensing devices should be low relative to the forces of the process. 

A question that has not, in our view, received sufficient attention is the distinction 

between these different realms of technological endeavor. In practice, it is both logical 

and, probably, fair to say that we are considering a continuum of component scales 

incorporated into any modern machine. Currently, it is common to distinguish different 

scales by the processes used in manufacture. As manufacturing and assembly processes 

develop and adapt, it is likely that these distinctions will be less clear and designers will 

be required to incorporate technologies covering all dimensional scales as a matter of 

course. However, there are important features to be considered as dimensional scales 

reduce. Primary among these are 

1. There is a certain cut-off after which the use of manual assembly, that has been 

spectacularly useful and essential in the development of technologies so far, is no 

longer viable. 

2. Phenomena within mechanisms that produce significant mechanical forces may 

change (i.e. contact forces, adhesion forces, meniscus effects, electric dipoles, van 

der Waals and Casimir forces) thereby requiring additional consideration in the 

calculation of two-body surface interactions. 

3. Scaling can change the relative dynamics of phenomena. For example heat 

transfer is often considerably slower than mechanical motion at macro-scales 



 5

while thermal agitation might be the fastest means of providing motile forces at 

molecular levels. From another perspective, thermal expansion, which is a major 

limiting influence on possible precision in a large machine, may be insignificant 

at smaller dimensions. 

4. As the net removal or deposition volumes reduce, other manufacturing processes, 

reductive or additive, previously considered too slow, may provide economic 

production rates. 

Such considerations may provide a guide to favorable scaling in the selection of 

processes and components.  

Consider a machine or instrument arriving in a box weighing approximately 50 kg or 

less, able to fit sparingly on a desktop and capable of producing or measuring parts with a 

precision of 1 part in 106 given a work volume of several cm3.  As already mentioned, 

given the precision stated, the resolution of the machine or instrument would have to be 

on the order of tens of nanometers over centimeter ranges.  The concept seems very 

straight forward given the advanced technology of today.  However, why don’t these 

types of machines show-up in manufacturing plants around the world?  Simply scaling 

down current technologies used in modern computer controlled machine tools or 

instruments would initially give the impression of providing for current manufacturing 

needs.  However, this may not be viable because the complex nature of the interrelated 

physical and chemical interactions at different scales often curtails the designer’s ability 

to shrink a complex machine/instrument without careful consideration of how the 

reduction-to-practice of such a system would perform under real operating conditions. 

Such issues are beyond the scope of this review. However, to achieve precision, small 

actuator and sensor systems are necessary enabling technologies of meso- and smaller 

scale systems. Fortunately, there are limited numbers of possibilities for these and an 

assessment of the relative merits of available options in terms of the effects of scaling is 

presented in this review. 

Actuator methods currently considered include; piezoelectric, electrostatic, 

electromagnetic, magneto-strictive, hydraulic/pneumatic, thermal and shape memory. 
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One particular measure of the fidelity of these actuators is the theoretical maximum 

amount of work and/or power that can be produce per unit volume occupied by the 

actuator (called the work density or, when scaled by the dynamic bandwidth, power 

density). Considering specific implementations it is found that some of these methods 

maintain performance (piezo-electric, hydraulic, electrostatic) as scales reduce while 

electromagnetic actuators tend to exhibit reduced work density and thermal-based 

actuators appear to improve. Identification of the scales at which different techniques 

dominate will help the designer to select the appropriate technology for a given 

application. Such analysis also provides information about other parametric scaling 

factors such as drive voltage amplitudes, forces etc.  A number of implementation issues 

will also be considered. 

A similar approach has been applied to sensors for small-scale systems such as 

optical (line scale, interferometric, diffractive, position sensitive detectors) and 

electromagnetic. In this later category it is necessary to split the categories into 

transducers and displacement sensor systems. In our study we have attempted to identify 

the relevant scaling parameters and assess their relative influence as scale reduces. 

2.0 Displacement sensors 

2.1 General considerations 

Displacement sensors may be considered any transduction method that results in a 

deterministic variation in output for a change in relative position between two objects. 

Outside of cost, in terms of performance measures signal to noise, repeatability and 

stability tend to be the most important parameters for the assessment of potential 

precision. In many cases a smooth and continuous variation of output with displacement 

will provide adequate means for the determination of relative displacements. Periodic 

rulings can be used with most of the considered sensing methods to enable an increase in 

precision by effectively repeating the short-range performance while increasing total 

range in proportion to the number of periods. However, in this case, accuracy also 

depends upon the accuracy of the periodic ruling. For example, in optics it is possible to 
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exploit near field probes to read a grating of sub-wavelength pitch, while using 

capacitance it is possible to use an almost arbitrarily small tip [1, 2] and again read from a 

periodic structure. Magnetic sensing from a periodic magnetic structure is commonplace 

in the magnetic data storage industry and it is possible to discriminate sub-micrometer 

magnetic features in some cases. It is not always necessary that the rule have exact 

periodicity and in some cases it is possible to read displacements from a random pattern 

of known characteristic leading to a pseudo-absolute scale. However, common to most of 

these methods is the requirement for the sensing element to be in near proximity to the 

scale and usually with a separation comparable to the finest features on the scale 

(diffractive sensors that effectively average over many lines of a grating represent an 

exception). Often times these are referred to as ‘near-field’ probes and represent a 

generalized approach to small-scale (often highly localized), long-range position sensors. 

In this case, there will be constraints on the necessary precision of aligning the scale with 

that of the moving platform to provide sufficient signal contrast during traverse. It is also 

common to utilize multiple measurements of the periodic grating with a lateral phase 

separation to enable amplitude independent, directionally sensitive measurement of 

displacement. Again, the precision of such techniques are predominantly limited by 

signal contrast.  

Other near-field phenomena are adequately represented by the sensing elements 

commonly used in scanned probe microscopy utilizing contact based or near-surface 

interactions such as electrostatic, tunneling, van der Waal, meniscus, Casimir, magnetic 

resonance, optical, ion conductance, thermal, squeeze-film and piezoelectric. Of each of 

these phenomenological interactions there are a large variety of methods for conditioning 

the signals to derive different surface interaction information. In many cases, 

combinations of these interactions are either exploited or impinge upon the interpretation 

of the measured signals.   

2.2 Optical 

A comprehensive study of the methods and techniques for optical measurement of 

displacement could fill libraries. In this section we will restrict our attention to only those 

factors affected by scaling to small size. In particular, as the mechanisms reduce from 
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meso- to micro- scale, the size of components will typically be comparable to the 

wavelength of visible light. Whether or not this imposes practical limitations on optical 

position measurement methods will be seen in the future. 

2.2.1 Laser interferometry 

Ignoring technical error sources, the fundamental limits to interferometer resolution are 

determined by noise in the laser source and the detectors [3, 4]. Matching both noise 

sources to produce an equal contribution, the bandwidth, B, limited resolution in 

displacement dx can be shown to be  

2NEP
Bhcdx

πη
≈ ,  (1) 

where h is Plank’s constant, c is the velocity of light in a vacuum, η is the quantum 

efficiency of the detector and NEP is the noise equivalent power of the detector. Using 

commercially available detectors a noise level of pm over bandwidths of many kHz are 

theoretically possible. In practice, there are a large number of other factors that limit 

accuracy and resolution in the implementation of a particular interferometer method. For 

example, most commercial interferometers utilize frequency splitting with each 

frequency traversing the two paths within the interferometer. These are recombined and 

the Doppler shifted beat frequency used as a measure of displacement. The use of 

polarizing optics and imperfections in the assembly or optical components often lead to 

errors that are considerably larger than those due to detection and laser noise [5].  

At meso- and micro-scales, interferometer packages will require small optics to 

compactly integrate within a system. As well as the usual environmental effects such as 

corrections in air for pressure, humidity and temperature, there is also aperture correction 

given by [6] 

s
f

Rs
2

2 ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=Δ , (2) 

where R is the radius of the source (aperture stop or core of fiber-optic light guide), s is 

the measured length change of the optical path based on laser frequency and f the 
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collimator focal length. Typically, for a meso- system with laser source coming from a 

fiber feed, 510−≈R m, collimated at 310−≈f m, it is possible that this particular error 

term may introduce a limit on precision of the order one part in 105 or worse. 

Other correction factors depend on the path length in air. Fortunately, while the 

effects are often more significant for interferometers with large ranges, producing path 

length variations of the order of parts in 107, this represents typical uncertainties of 

nanometers for ranges of less than 10 mm. 

Another problem is the size of the laser source. Conventional HeNe can provide 

stabilities of better than 1 part in 107 at reasonable cost and with small line width (long 

coherence length) but the laser tubes are of the order of tens of centimeters in length. 

Laser diodes with grating stabilization might realize stabilities of the order of parts in 107 

but are limited in their coherent lengths [7]. Electrical current (or parameter) stabilized 

diode interferometers with stabilities of the order parts in 105 to 106 are likely to become 

available in the near future [8]. Currently, ranges of greater than 100 μm with 

measurement uncertainties of better than 10 nm are being claimed. In principle, it is 

possible to enhance coherence (reduce line-width) by filtering through a Fabry-Perot 

cavity. However, it is not clear whether this can be achieved without resulting in a bulky 

source. 

Interferometers using small optics have been developed by Renishaw, PTB with the 

frequency stabilized laser diode, the Tropel small bore interferometer [9], Dunn et al., 

2002, Swiss-based small optics manufacturers Fisba [10]. Like some of the larger optical 

interferometers, to keep the bulky laser head out of the machine and away from harsh 

environmental effects, the laser beams are fed to the optical system through an optical 

fiber.  

In some systems the fiber itself forms an intrinsic component of the interferometer, 

thereby further reducing the size and number of optical components. Such systems are 

often called fiber interferometers [11]. 

White light probes have been developed to measure local heights on surfaces. In 

many ways such systems contain similar elements to a Michelson interferometer. In this 

case the ‘white’ light is split between a stationary reference and the second is focused 

onto an area of the surface to be measured. When the two beams are recombined, there 
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will be interference with the intensity depending on the path lengths of the two beams 

and wavelength that will generally average out to a mean intensity. In the case where 

both beams have the same optical path length, all frequencies will constructively interfere 

with similar phase shifts resulting in an increase in intensity signal. Hence, it is possible, 

by changing the path lengths to record the corresponding change in intensity at any point 

and use this information to reconstruct the three dimensional topography of the surface 

reflections. However, in such a system, local surface height is transferred to a 

displacement of the stationary mirror, or reference surface, relative to the specimen 

surface. The point at which this measurement is triggered is complicated by the surface 

reflective properties of the specimen being measured and the spectral content of the 

illumination. Given these limitations, it is possible to monitor surface height variations at 

nanometer levels while scanning surface heights measured in millimeters. Other advances 

in data processing and system design have enabled dynamic scanning of relatively large 

areas with movie capabilities providing visualization of motions and distortions in 

micrometer sized mechanisms (MEMS). 

An alternative white light technique is to focus the light to a point on the surface and 

monitor wavelength maxima upon recombination with a reference. Variants on this 

include confocal imaging in which the white light is focused through a lens to create a 

wavelength-dependent focal spot. Again monitoring the wavelength on reflection or 

chasing the focal point reflected back through a lens enables a measure of the surface 

height from a reference. This enables fast measurement of surface displacements with 

nanometer resolution over measurement ranges of hundreds of micrometers (range-to-

resolution of better than 105) and requiring spot sizes typically less than a millimeter [12]. 

2.2.2 Linescale interferometry 

There are a number of suppliers of linescales for the measurement of both linear and 

angular motion [13]. Generally, scales are supplied in the form of a bolt-on linear scale or 

in tape form with self adhesive for ease of installation with a separate read head.   

In general, high-precision linescale interferometers utilize change in intensities of the 

various orders of reflection from a finely scribed diffraction grating. With any grating, 

one of the limitations is the size of the illumination spot relative to the spacing of the 
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grating, c, which are, in turn limited by the diffraction angle, nφ , of orders n governed by 

the relation 

c
nλφ =sin , (3) 

where λ is the wavelength of illumination on the grating by the incident beam. Clearly 

this function must be less than 1, thereby setting a limit on the spacing c of the grating for 

a given wavelength and thereby imposing a limit on scaling. For example a grating of 1 

μm illuminated with a wavelength of 0.78 μm will have first order diffraction peaks at 

angles of ± 51°. Similar limitations apply to transmission gratings. Recent designs have 

enabled the use of integrated optics for compact optical sensor systems of major linear 

dimensions of less than 10 mm. An example of this is the commercially available scales 

of Sony that use 1200 nm grating pitch with quadrature detection yielding a signal pitch 

of 400 nm [14]. With suitable phase measurements, resolutions of better than 10 nm are 

possible. 

For a suitable geometry of linescale and analyzer gratings at the sensor [15], the 

phase, Ω,  of any individual order of diffraction as a function the relative position of the 

grating, x, is given by  

c
xn π2

=Ω . (4) 

The output intensity at the sensor, oI , is proportional to 

( ))2cos(1 Ω+∝oI . (5) 

This corresponds to a periodic variation in intensity at twice that of the grating 

period, c. Other designs may increase this further to 4 or more variations per period. By 

monitoring the symmetric orders it is possible to derive a directionally sensitive 

measurement of motion of the grating relative to the optical probe. 

At reduced scales, the effect of the relative spot size is to influence the 

discrimination of different orders. For a spot size occupying N grating periods, the 
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intensity of reflection at an angle θ from the point of incidence can be approximated from 

[16] 
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where N is the number of lines in the field of the incident beam and k is the wave number 

(= λπ /2 ). It can be seen by plotting the above equation that the discrimination of each 

diffraction order will diminish with the relative spot size.  

In general, mainly because of problems with alignment errors, calibration of scales 

and fringe interpolation, linescales typically provide 5 nm – 10 nm resolution with some 

extending down  to sub-nanometer. At the extremes of performance, it has been shown 

that linescales can provide displacement repeatability at better than 0.5 nm [17] and 

calibration facilities at PTB in Germany and Mitutoyo in Japan have demonstrated 

uncertainties of better than 30 nm in the calibration of scales longer than 500 mm [18].  

Currently, there is a lot of activity in the field of small-scale optical form and 

displacement measuring devices. Recent developments include pattern recognition of 3-D 

interferograms, diode laser interferometry [19] and many variants of near-field scanning 

optical microscopy and related probing techniques [20, 21]. It is clear that efforts are 

being made to decrease the size of these measurement systems, while maintaining or 

increasing their resolution capabilities. 

2.2.3 X-ray interferometry 

X-ray interferometry is often referred to, with some vocifierous opponents to this, as the 

x-ray equivalent of the Mach-Zehnder interferometer. Being based on the lattice spacing 

of a crystal, it is intrinsically accurate to better than parts in 107, is portable and can be 

calibrated to two orders of magnitude better than this. Additionally it can operate in air 

with little influence of refractive index because of the low unit decrement (i.e. near unity 

refractive index) of materials at x-ray wavelengths.  
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In principle, it is possible to shrink x-ray interferometers to produce a linescale in 

which the splitter and mirror need be only large enough to diffract the x-ray beam which, 

in turn can be micro-focused to sub-millimeter cross section. The analyzer would then be 

limited only by the length of the available crystal. Currently, crystals of near 

thermodynamic perfection can be obtained in lengths of up to 1.0 m. In practice, there are 

considerable technological barriers in implementing this interferometer. Most demanding 

is alignment with angular deviations of better than a few tens of nano-radians and 

micrometer separation tolerances between the three crystals being necessary. Another 

constraint is the speed of the interferometer that is limited by the intensity of available 

sources and detector quantum efficiency. The expense, size and safety considerations 

associated with high intensity x-rays has limited this measurement technique to a few 

research labs scattered around the world. 

2.3 Capacitance 

Capacitance is commonly utilized for precision measurement of relative displacement. 

Like any single degree of freedom system the voltage noise will be fundamentally limited 

by Brownian motion [22] of charge such that  

kT
C
qVC

2
1

2
1

2
1 2

2 == , (7) 

where C is the capacitance, V is the applied voltage, q is the stored charge, k is 

Boltzmann’s constant (1.38x10-23 J⋅K-1) and T is the absolute temperature. 

In practice, such a noise flaw could only be realized if a perfect signal conditioning 

circuit was to exist. In practice, capacitance is measured by providing an oscillating 

voltage (or current) across (through) the capacitor and measuring the reactance of the 

capacitive element. Noise sources in such a measurement include 

1. Oscillator noise. This is a function of the oscillators chosen and will manifest as 

combinations of amplitude and phase components. Typically it is the amplitude 

that is most difficult to control. However, this situation is changing with digital 
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oscillators. This will be considered an inextricable noise present in the carrier 

signal and having both 1/f and white components. 

2. Amplifier noise.  

It is assumed that the output from a Wheatstone bridge is monitored by an 

instrumentation amplifier, the input being a single harmonic carrier frequency. In such a 

circuit the amplitude depends on the imbalance of the bridge. Stray capacitance effects 

will not be included in this analysis. 

The output noise per root frequency, se , from the amplifier of voltage gain VG  with 

zero impedance from the source is given by 

Vns Gee = , (8) 

where ne  is the input noise typically of the order 1 nV·Hz-1/2 for a precision 

instrumentation amplifier at frequencies above 1 kHz. Because we will be using carrier 

frequencies of 1 kHz or greater the 1/f noise component is considered negligible. 

Adding a source impedance sZ  the amplifier output noise is given by 

[ ] 22222 )(4 Vosnsns BGeZikTZee +++= , (9) 

where ni  is the input noise figure (often less than 1 pA·Hz-1/2 at frequencies higher than 1 

kHz), B is the bandwidth, and oe  is the oscillator noise per root Hertz (assumed to be 

zero for the present purposes). The above values have been used to derive Figures 1 and 2 

and represent the theoretical noise limits as a function of geometry. 

As an example, consider a source of the form of a transformer ratio on one arm and 

matched capacitances making up the other [23]. This can reasonably be modeled a half 

bridge input to one terminal and a zero source impedance on the other.  The source 

impedance is  

coocc

oc
s CCjCj
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Figure 1:  Noise as a function of gap for a number of capacitance values. 
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Figure 2:  Combined plot of the electrode radius and sensor range as a function of 

nominal displacement. Illustrates some important performance parameters of 

typical parallel plate capacitance gages. 

For high precision measurements it is most common to utilize the more sensitive 

variable gap configuration considered below over the variable area. Typically, for a 

capacitance gage we seek to utilize a range incorporating capacitance in the ratio 1:2:3. 
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This gives rise to the important relationship that the range of the capacitance gage is 4/3 

times the nominal value defined at the center value of capacitance.  

In general, the capacitance ratio from a nominal value can be expressed by 

ooo CkCCk 21 :: . (11) 

The capacitance range is given by the difference between the maximum and 

minimum displacement given by 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−=−

2121

11
kk

x
k
x

k
x

o
oo . (12) 

It can be readily verified that the 1:2:3 (k values of 1/2 and 3/2 respectively) rule 

provides a capacitance range of 4/3 of the nominal electrode separation. 

Consequently, at the maximum electrode separation the capacitance will be reduced 

to a value of 1/2 of the reference. This will increase the source resistance by 17% (1/6). 

Substituting (10) into (9) for the maximum source resistance yields  

[ ] 22222 )3/2(3/4 Voconcons BGeCiCkTee +++= ωω . (13) 

In practice, this appears to be dominated by the amplifier current noise followed by 

thermal noise. 

It can readily be shown that the output voltage from the transformer ratio bridge for 

small changes in one capacitance is given by 

xSx
x
GV

V d
o

Vbs
out =⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=

4
. (14) 

Additionally the nominal separation is related to this nominal capacitance by 

o
o C

Ax ε
= , (15) 
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where x is the displacement of the capacitance electrode, bsV  is the bridge supply voltage 

and dS  is the sensitivity of the bridge circuit in units of volts per meter. This can be 

expressed in alternative forms given by 

⎟
⎠
⎞
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d ε44
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From equations (13), (14) and (15), the displacement noise is given by  
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in units of [m2·Hz-1]. 

In general, the amplitude (with sign change across bridge balance) of carrier 

frequency is provided by the synchronous demodulator. Taking the square root of 

equation (17) gives the displacement noise of the circuit 
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In the design of a capacitance gage, there are three considerations; range, electrode 

geometry and noise floor. Basically it is required that the noise floor of the capacitance 

gage is less than a design goal. Typically this would be the desired resolution of the 

measurement system at an acceptable bandwidth. In practice, this could always be 

achieved with a sufficiently large electrode area. However, this is impractical for reason 

of electrode alignment requirements (acceptable parallelism) and volume occupied. A 

comparison of these trade-offs can be seen from the design charts of Figures 1 and 2. 

From this it is clear that there are limits on size being fundamental and dependent upon 

the precision of the measurement electronics. 
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Comparison of these figures with currently state of the art sensors is only possible if 

the characteristics of the first amplification stage and ratio k are known. Ignoring this and 

noting that the following two graphs are based on rather conservative estimates for 

amplifier noise figures, it is found the noise data from commercial suppliers, although 

close, often surpasses that shown in these plots. Typically, the difference from these plots 

and available sensors is within factor of 2 and therefore gives a reasonable estimate of 

achievable precision in term of selecting and appropriate ADC (i.e. chose an ADC of 

precision better than 1 bit that predicted for the sensor). However, achieved noise levels 

will depend upon implementation and we consider that these graphs are representative of 

what might currently be realistic for many applications. 

2.4 Inductance  

The so-called linear variable differential inductor (LVDI) has been used as the sensing 

element in the Talystep stylus profilometer for upwards of fifty years and still represents 

one of the best methods for measurement of nanometer sized step heights for calibration 

of film thickness monitors in thin film deposition units. 

Again, it is common to measure variations in reactance using an AC driven 

Wheatstone bridge. Assuming equal inductors on each arm of the bridge of nominal 

value, oL , the output voltage, ov , for a change in inductance, LΔ± , of the inductors on 

one arm is 

L
Lvv so 2

Δ
= . (19) 

To assess the performance of a simple inductive probe, consider a magnetically 

permeable core of length cl  and permeability cμ  having a coil of N turns surrounding it. 

If this core terminates from forming a loop so that there is an air gap of length ax2  with a 

nearby permeable target that forms a further part of the core, see Figure 3. Upon 

excitation of the coil with a current I there will be an induced magnetic flux Φ given by 
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where Aμ  and AA  represent the permeability and effective area of the gap respectively. 

 

Figure 3:  Schematic diagram of an inductive sensor utilizing a 

permeable target. 

The inductance L of the sensor can be approximated from  
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For very small air gaps, so that only the second term in parentheses is significant, a small 

change in displacement will produce a corresponding change in inductance such that 
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As with capacitance, the noise limit of such a sensor can be determined from the 

amplifier performance and the output impedance of the bridge. With an ideal reference 

arm of the bridge, the output impedance is 

20
LjZ ω

= . (24) 

Using the same procedures as stated previously, the noise power of this sensor is  

[ ] 22222 )2/(2 Vonns BGeLikTLee +++= ωω . (25) 

In this case it can be seen that the noise will increase with the carrier frequency. 

A variant on the differential inductor is the linear variable differential transformer 

(LVDT). LVDT’s can consume low power and operate in high vacuum, as a non-contact 

position sensor that has nanometer resolution and centimeter range [24]. 

In terms of scaling, for either a transformer or differential inductor it is necessary to 

incorporate at least two separate loops of conductor with each having as many turns as 

possible to increase induced voltage. A permeable material must also be introduced into 

these loops and will experience an induced magnetic flux, the density of which is 

inversely proportional to area of cross section through which the flux passes. Currently, 

as far as the authors are aware, such transducers are manufactured and assembled using 

conventional wires as conductors and ferrite materials to create the permeable paths. 

Typically, these are of macroscopic scale with most manufacturers providing miniature 

sensors of the order 6 mm - 8 mm diameter and 10 mm – 20 mm long. Some LVDI’s 

have been manufactured with total dimensions of around 5 mm × 5 mm × 5 mm and able 

to sense displacements of up to 200 μm and with signal to noise ratio of approximately 1 

part in 10,000. By increasing amplifier gains, resolutions of better than 50 pm have been 

observed with a range of around 50 – 100 nm [25]. At smaller scales, it is difficult to 

manufacture multi-turn coils having sub-millimeter dimensions and incorporate 
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permeable materials. While it might be possible to manufacture these components using 

MEMS or similar processes, it is not clear that coils of adequate performance can be 

readily produced.   

2.5 Resistance 

To the author’s knowledge, direct methods for using resistance as a measure of 

displacement have not found widespread application for precision measurement. For 

limited rotations potentiometers have been used as a method of feedback for spindle 

rotation. For example, in the auto industry these are sometimes used for throttle position, 

steering angles etc. However, these have been almost universally superceded by optical 

or magnetic encoders for more precise sensor applications. For limited range motions, 

piezo-resistive strain gages have been used for many decades to detect strain of 

piezoelectric actuators either by attaching the gage directly to the actuator element or 

indirectly by monitoring strain of the flexure in which the actuator is constrained. Having 

upwards of 50 times the sensitivity of conventional metal strain gages, relatively high 

precision measurements are possible. For example, typical commercial actuators having a 

range of 20 μm will claim resolutions of better than 5 nm with bandwidths of around 1 

kHz. Typically, metallic resistors have gage factors of around 2 and maximum elastic 

strains of the order 0.4 % while voltage noise is often measured in microvolts over 

bandwidths of around 1 kHz [26]. A simplistic calculation indicates signal to noise ratios 

of the order 103 -  104, a figure comparable to those quoted for commercial devices 

Proximity probes are also produced using this sensing method and, suitably designed; 

demonstrate sub-atomic resolution, although at the expense of limited range. 

2.6 Magnetic 

There are a number of different sensors that can be used to measure magnetic fields. 

Particular sensors, such as SQUID’s (super-conducting quantum interference detectors) 

or fluxgate sensors can exhibit very high sensitivities but are currently limited in terms of 

a relatively large power consumption and size. Promising sensors for the detection of 

magnetic fields are those based on spin-dependent conduction such as giant magneto-
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resistance, (GMR) [27] and spin dependent tunneling (SDT) sensors as well as 

anisotropic magneto-restrictive (AMR), or Hall and 3-D Hall sensors [28] all of which 

can be compact, are sensitive to small fields or can be configured as gradiometer sensors. 

These types of configurations, in general, require low power, operate over a very broad 

range of frequencies and can be readily manufactured and miniaturized using 

microelectronic processes. 

In fact, it is possible to use GMR sensors of similar type to those used in magnetic 

disc data storage read heads to obtain positional information with resolution in the region 

of a few tens of nanometers [29, 30]. In principle, there is no reason why this cannot be 

used for position measurement if incorporated for the detection of currents in a wire 

patterned for a specific measurement (i.e. radial lines or a periodic meander for rotational 

or linear measurements). Alternatively, it might be possible to use the read head directly 

to detect patterned magnetic domains on a reference. The simplest reference would be a 

periodic grid that could, for example, be written onto a magnetic tape and then adhered to 

a surface. However, the ease of manufacturing arrays of such sensors readily enables 

absolute or incremental encoder configurations [31] for grayscale or quadrature type 

displacement measurements. 

2.7 Eddy current 

A simple eddy current probe for monitoring displacement between a surface and a 

circular coil at a distance z above the surface is given by [32] 
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t is the difference between the inner and outer radius, 21 , rr , of the excitation coil, l is the 

length of the coil, μ is the permeability of the specimen surface material, σ is the 

electrical conductivity of the specimen surface material, ω is the frequency of excitation 

and α and x are dummy variables of integration. Correspondingly, there will be a 

repulsive force between the surface and coil of value 
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These equations can be solved numerically to show the dependence of inductance and 

force with separation. For a flat coil of 40 turns, an inside diameter of 8.0 mm, an outside 

diameter of 12.0 mm and a wire diameter of 0.2 mm being driven at a frequency of 20 

KHz, 0.35 V at a current of 0.70 A, is shown in Figure 4. In most instances, as with 

capacitance sensors, the forces might be considered insignificant when compared to the 

size of the sensor. 

In practice, the reference surface should be relatively flat, larger than the coil and 

extend to a depth considerably greater than the skin depth, δ, given by 

( ) 2/12 −= ωμσδ . (30) 

A disadvantage is that the sensitivity is dependent upon the materials type and it is 

possible that the eddy currents can cause local heating of the target surface, which must 

also be an electrical conductor. 

Such eddy current based inductive probes can have high resolution and bandwidth 

and have the additional advantage that electrical connection to the target surface is not 

necessary. Typical commercial probes will resolve to within tens of nanometers over 

millimeter ranges. The limit on range is set by the size of the coil or diameter at which 

the magnetic field is being generated. For example, if a circular coil is used to generate 

the oscillating fields, it is found that, as a rule of thumb, the field generated by the coil is 
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substantially attenuated at a distance approximately equal to its mean radius. 

Consequently, this type of sensor might be considered as a probe with a measurement 

zone extending a maximum of the coil radius while also requiring a specimen surface of 

circular dimension twice that of the coil outer diameter. 
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Figure 4:  Dependence of inductance and force on separation. Theoretical and 

measured values are shown. 

Alternatives, to inductive coils can be found in the use of sensing elements to detect 

the magnetic fields produced by the eddy currents. In principle such probes can be made 

with the sensors suitably placed and biased to measure only the field of the eddy currents 

independent of the excitation field [33]. Such probes can also be miniaturized to produce 

localized measurement of surfaces for pattern recognition and, possibly, lateral position 

measurement [34]. 

2.8 Proximity probes 

A proximity probe is considered to be any sensing method that provides a measurable 

signal as it is brought into close proximity to a surface. Often proximity probes are used 

as a means of communicating a translation from a relatively small area on a surface; in a 

coordinate measuring machine (CMM), stylus profilometer or scanned probe microscope 



 25

(SPM) this is the ‘probe’. This is then communicated to an actuator that can move the 

probe and record subsequent displacements. In such systems, it is also apparent that there 

is still the requirement for a displacement measuring system. One area in which the 

scaling of proximity sensors has seen extensive development is the in the field of SPM 

sensors. Sensing methods include tunneling, strain gage, near field optical, thermal, ion 

conductance or capacitance. The relative merits and limitations of these proximity 

sensors are 

1. Small probes can measure surface heights in a small and localized area 

(sometimes with resolution of better than one atom for the smallest of probe tips). 

2. When controlling the probes to maintain a null signal level, as long as the sensing 

characteristic as a function of tip/sample interaction is stable and repeatable, the 

accuracy is little influenced by non-linearity. 

3. Extremely high resolution and bandwidth measurement of variations in the probe 

to surface interaction are possible. 

4. Most probes provide only proximity information and do not have the intrinsic 

capability for the measurement of displacement. This is usually transferred to 

another displacement measurement transducer of the types outlined above. 

5. In principle, any of these probes could be used to detect variations of, and 

therefore represent a sensing method for, a periodic scale.  

In the initial scanned probe microscope designs of Young, et al. [35, 36], the 

proximity sensing method was Fowler-Nordheim field emission from a sharp electrode 

tip and later efforts were attempted to utilized electron tunneling at tip-specimen spacing 

of less than 2 nm and lower applied voltage levels. Problems with relative vibrations 

between probe tip and surface prevented scanning until a decade later, Binnig, et al. [37, 

38], were able to reduce the mechanical noise and achieve atomic scale images on silicon, 

for a brief review see [39]. 
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A tunneling probe consists of an electrically conductive sharp tip that is brought into 

close proximity to an electrically conductive surface. With applied voltage differences of 

a few tenths of a volt, there will be an exponential increase in current as the separation 

reduces. Typically this will range from picoamps to microamps with separation changes 

of around one nanometer. Using a logarithmic amplifier it is possible to obtain a 

sensitivity of many gigavolts per meter over, of course, a very limited range. In practice, 

such a probe is sensitive to the separation of the outermost asperity of its tip and is 

therefore extremely localized and, for measuring surfaces that are smoother than the tip 

geometry, may be considered to measure the proximity at a point on the surface. 

However, a drawback with tunneling is that it requires electrically conductive surfaces, 

must maintain nanometer level separations and is susceptible to surface contamination. 

For these reasons, tunneling probes are not widely used in meso and micro scale 

applications. 

While tunneling probes may not be particularly popular today, because of their 

spectacular ability to discriminate individual atoms, which in turn, fueled the 

imaginations of nanotechnology visionaries across a broad range of scientific and 

commercial disciplines, they were predominantly responsible for the explosive 

emergence of the scanned probe microscope industry. Among the many proximity-

sensing methods that have been developed, by far the most common is the so-called 

atomic force probe [40]. This also comprises a sharp tip that is brought into close 

proximity or contact with a point on the surface. However, it is the interaction force that 

is transformed to a displacement (or, equivalently, strain) and it is this displacement that 

is then measured to determine proximity. In practice, given sufficient sensitivity it is 

possible to monitor both non-contact (electric dipole, van der Waals/Casimir, gas squeeze 

film) and contact (meniscus, elastic) forces with this form of sensor [41]. While, 

tunneling probes, optical levers, capacitance and (piezo-resistive) strain gaging have been 

used to determine the force of interaction, in general it is necessary to use a larger surface 

or volumetric sensing area to determine a measure of the force thereby increasing the 

footprint of this probe. However, all of these can be readily produced using macro to 

MEMS and, recently, nano manufacturing processes and therefore such probes can be 

readily scaled. 
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3.0 Actuators 

There are an almost limitless number of actuator designs that can be employed in a given 

system using any number of mechanisms. In general, the major figures of merit 

quantifying the performance of different actuator methods as they apply to a specific 

machine application include  

1. Machine volume/actuator volume. 

2. Range/resolution, or precision, requirements. 

3. Efficiency, measured as a ratio of power delivered to a process to that supplied to 

the actuator. 

4. Type of coupling between actuator and object to which force is to be applied. 

Generally this can be classified as either contact or non-contact. 

5. Bandwidth, generally measured by available power-density. 

Also at issue is the connection to the motion control system. In particular, there is a 

concern in design with the removal or reduction of parasitic motion of the driver. 

There are relatively few actuators that can be applied to machines at smaller scales. 

This is rather surprising in view of the scale of biological processes. However, in 

engineering systems, we are restricted in the selection of power sources and it is 

considerably more efficient to generate power using macroscopic systems and channel 

this into the meso-scale machine. Novel power sources include 

1. Solar. 

2. Electro-rheological fluids [42]. 

3. RF absorption. 

4. Miniature combustion [43, 44]. 

5. Fuel cells. 

6. Biological systems, cellular or life-based. 
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While interesting, a discussion of these is outside of the scope of this paper and 

expertise of the authors. However, these are, for the most part, alternative ways of 

producing electricity that will then be converted back to work through some actuation 

mechanism. It is these primary actuator mechanisms that form the basis of the discussions 

in this section. 

Assuming that energy sources are available, the main classes of actuator likely to find 

application in meso- and micro-systems in precision machine design include 

1. Piezoelectric 

2. Electromagnetic 

3. Electrostatic 

4. Pneumatic 

5. Hydraulic 

6. Thermal 

7. Shape memory 

Thermodynamically, it can be demonstrated that all actuators, in the process of doing 

work on a system will generate heat. In practice this can severely limit performance of 

instrument and machine mechanisms. Therefore, actuators such as voice coils and purely 

electromagnetic or electrostatic actuators can provide highly efficient electromechanical 

coupling and, therefore, dissipate minimal amounts of heat at the drive. In other cases it 

may be desirable to locate the actuator remote from the mechanism. In this case it is then 

necessary to transfer the work mechanically to the machine. This can be very efficiently 

achieved using push-rods or, possibly, pulleys. In this case, the desirable scaling of the 

actuator mechanism might also help determine the nature of the work transfer 

mechanism. For example, because electromagnetic actuators favorably scale to large 

devices, it might be desirable to use one large motor and use this to drive multiple small-

scale machines, just like the power sources in factories in the late nineteenth and early 

twentieth century! 
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3.1 Work and power density 

The limits on work and power that can be achievable for an actuator constrained within a 

specific volume (referred to as the work density and power density), will be considered in 

terms of what is possible in an ideal system, initially ignoring the issues of 

implementation. In some cases, particularly aerospace based, the power or work per unit 

mass may be of interest to the designer. For some of the actuators it will be obvious that 

other components required for implementation must share the space of the actuator 

mechanism for it to be exploited, thereby reducing the theoretically achievable densities. 

Generally the work and power density will be defined as 

1. Work density is the maximum amount of work that can be done per unit volume 

occupied by the actuator∗. 

2. Power density is the product of maximum work density and bandwidth response. 

A very important consideration in the following discussions is that maximization of 

the actuator work and power density will be a matter of implementation and, because 

simply scaling down from macroscopic or up from microscopic might not be feasible, 

new approaches may be required. These issues will also be discussed throughout this 

section with a compilation of work densities for various actuators contained in Table 1. 

Table 1: Indicating approximate power densities for a range of actuator types 

Actuator type 
V
U  x 106 Eqn. Comments 

Hydraulic 10 Ρ   Pressure 

SMA 6 σε  Cyclic binary 

Solid-liquid phase 

change 
5 k

V
V

3
1 Δ  Water-8% acetimide 

                                                 

∗ Some other researcher’s may refer to this as the energy density of an actuator. 
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Gas expansion (thermal 

& press.) 
1 Ρ  Pressure 

Thermal expansion 0.5 ( ) 4/2TE Δα  200 K temp. change 

Electromagnetic 0.4 – 0.02 See text 
Variable reluctance motor – 0.25 

mm3 

Electrostatic 
0.1 - 

0.004 
See text 

Ideal to MEMS comb-drive 

estimates. 

Piezoelectric 0.01 - 0.05 ( ) 2/2
max33 Ed E PZN 

Muscle 0.02 NA 350 kPa at 10% 

 

3.2 Piezoelectric 

At macroscopic scales piezoelectric actuators [45, 46]  are often used in the form of 

stacks [47] (to reduce the necessary drive voltage) or with lever mechanisms to increase 

the range of motion [48, 49]. Single element ceramics have limited range, but losses due 

to hysteresis can be substantially smaller than stacked orientations. Single element 

piezoelectric materials have most notably been used in scanned force microscopy [50, 

51]. Lever mechanisms can take the form of bimorph type actuators [52] or mechanical 

linkages. Ignoring such issues for the time being, consider two different actuator 

implementations; in the first, it will be assumed that the actuator is incorporated into a 

flexure type mechanism that provides a resistance force proportional to the actuator 

displacement. In this case, the bandwidth response is going to be limited by the amount 

of work that can be done by the actuator on the flexure system. Ignoring any preload, it is 

possible to model the system as an actuator, of stiffness LEAk p /= , that pushes against 

a flexure of stiffness fk . In practice, the stiffness of the flexure will reduce the range of 

motion of the actuator when in its ‘free’ or lightly preloaded state. Denoting the free 
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motion range of the actuator, ix  and the output motion in the presence of the opposing 

stiffness ox  it is relatively simple to show that they are related by the equation 

pf
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o

kk
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x
x

+
= . (31) 

Work done, U, in a linear translation of the flexure system is  
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It can be shown that this is a maximum when the two stiffness values are the same, hence 
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The maximum free strain of the actuator is a product of the maximum electric field, maxE  

applied to the material and the coupling constant in the direction of the electrodes usually 

denoted by the symbol 33d in units of [m⋅V-1]. Multiplying strain by the length of the 

actuator, the maximum free translation of the actuator is given by 

Ldxl maxE33= . (34) 

Substituting (34) into (33) and dividing by the volume of the actuator ( V = AL), the 

maximum work density for a flexure driven system is  

( )
8V

2
33 maxEdEU

= . (35) 

Considering this structure as a positioning stage, effectively doing no work on the outside 

world, the major performance measure is likely to be response time. 

In many applications it might be desired to use the actuator for controlled work on a 

specimen for machining or controlled distortions. In this case the actuator will be driving 

against a nominally constant load. Under these circumstances the external work done on 
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the specimen will be the product of force and extension and these will in turn be limited 

by the maximum pressure loads, maxσ , that can be sustained while maintaining a finite 

strain coefficient. For example, the PMN-PT electrostrictive ceramic can reliably achieve 

strains of up to 0.1% with pressure loads up to 100 MPa and applied fields of 2 MV⋅m-1. 

At this load, the achievable free strain has reduced by around 30 %, while the elastic 

modulus is a little over 100 GPa.  Using similar analysis, it can be shown that the work 

done per unit actuator volume is given by 

1000V
33

33max
max

max
E

E
Ed

dU
≈= σ . (36) 

It should be mentioned in passing that larger strains could be obtained using an electrode 

pattern corresponding to an excitation field perpendicular to the polarization axis that 

results in a shear mode deformation. The drawback with this is the additional cost 

associated with poling of the ceramics. 

To develop long-range systems with a power density on the order of the piezoelectric 

stack, accumulation type actuators have been constructed [53, 54]. Common forms of this 

type of system can be found in Picomotors™ and Inchworm™ drives where a ceramic 

actuator is used as a means of stepping or walking along a guide rail. Other useful 

applications for piezoelectric actuation include multiple degree-of-freedom structures 

[55, 56] and closed-loop controlled error compensation systems [57, 58]. 

3.3 Electromagnetic 

Electromagnetic actuators are a little more difficult to quantify [59] in terms of power 

density. In general, there are two designs for force actuation involving the magnetization 

of ferromagnetic materials. The first uses electrical currents to produce attractive forces 

between two solids and the second uses permanent magnets to produce a magnetic flux 

through current carrying wires. Magnetic field driven actuators can be classified as 

electromagnetic, electrodynamic, magnetostrictive and magnetorheological as discussed 

in more detail by Janocha [60]. In general, the force, F , on the moving charge of strength 

q moving with a velocity, v , can be obtained from the Lorentz equation 
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( )vBEF ×+= q , (37) 

where E is the electric field and B is the magnetic field. For most systems this equation 

must be integrated over all interactions to determine the force available to do work. One 

of the most common methods for deriving known forces is to arrange for the currents to 

pass through wires in a fixed magnetic field often created by a permanent magnet. Such 

devices are often lumped into the generalized category known as voice coils. In such 

systems, in which the charge distribution and velocity is common throughout the length 

of the wire in the field, the integral over all charges can be expressed in the scalar form 

)sin(θBliF = . (38) 

In equation (38) the product Bl represents the integral of the field values over the length 

of the wire of the voice coil and i is the applied current. This force is clearly maximized 

when the permanent field and the currents are perpendicular. In principle, the force could 

be expressed as the flux from the permanent magnet multiplied by the maximum current 

density, maxj  transmitted through a given area over a given length. Considering that it is 

possible to derive sufficient currents, it should be possible to utilize the maximum energy 

stored within a given magnet material. In general this is given by the maximum product 

of flux density and applied magnetic field which is a direct measure of the energy storage 

per unit volume given by 

( )
2V

maxBHU
= . (39) 

Unfortunately, a method for implementation of such a device is not readily apparent 

and in practice it is desired to create forces using a current carrying wire occupying a gap 

of part of a magnetic circuit. Again, an ideal system may be envisaged in which the gap 

flux, gB  is related to the energy density of the permanent magnet by the relationship 

( )
2/1

g

mmax

V
V

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
=

BH
Bg . (40) 



 34

The volumes in this equation represent the magnet and gap respectively. Generally, this 

gap flux could be used to provide the magnetic force on a current carrying wire. From 

(38), the force on a wire entirely immersed in the field can be approximated by 
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Dividing this expression by the total volume ( mg VVV += ) yields the maximum force 
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where 

g

m

V
V

=k . (43) 

Noting that this is a maximum when k = 1 and assuming that the force on the wire will 

reduce linearly as it moves out of the volume at a displacement l, the work done per unit 

volume may be expressed in the form 

( )( )
l

BHjU
4V

2/1
maxmaxmax = . (44) 

This rather over simplified view of a voice coil drive ignores a number of 

complicating issues such as recoil permeability, temperature and field interactions among 

many others. In many voice coil actuator designs, the flux is often concentrated using soft 

iron cores. While this will increase force, it will correspondingly limit the range and, 

ultimately, the two effects tend to cancel in the work density picture. However, the key 

feature of this equation is the linear scaling of work density with dimension. This is 

illustrated by the graph in Figure 5, in which the work (product of force and stroke) that 

can be obtained from commercial voice coil actuators divided by their volume is plotted 

as a function of the actuator length in this case considered to indicate size of actuator. 
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Voice coil actuators have been successfully designed and utilized in a number of 

precision applications including machine tools [61] and displacement instruments [62].  

The solenoid actuator design is not dissimilar to the voice coil already considered (in 

fact most voice coil actuators combine permanent magnets and soft magnet materials to 

guide and concentrate the flux). In this system, the field is generated by the coil and flows 

along the permeable path of a core material with the moving component changing the 

reluctance, ℘, of the loop of magnetic flux. In general, a solenoid of length, sl  provides 

the field resulting in a flux loop passing through a total of K components of the magnetic 

circuit and having a magnitude given by 
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By definition, the inductance is the flux passing through the N turns divided by the 

current required for its generation i.e. 
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Figure 5: Work density plotted against length of commercial voice coil actuators 

(details available on request) 
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where lk, Ak and μk correspond respectively to the effective length, effective area and 

permeability of the kth component in the flux loop. Again, a simple system will be 

considered consisting of a permeable core denoted using a subscript c (usually ‘E’ 

shaped) with a moving component constructed of the same material. These two 

components are considered to be separated by an air gap where the magnetic and 

geometric properties of which are given a subscript a. In general the magnetic potential, 

U, of this system is given by 
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where the subscripts E, m and g represent the stationary core, moving component and gap 

between them, respectively. 

Being a general expression for the potential of the systems, the vector components of 

force in the x y plane can be obtained from 
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Usually, by design, it is arranged for the moving component of the actuator to operate 

with a changing separation at constant area, x motion, or vise versa for y motion. 

Substituting (47) into (48), each of these actuators produces a force given by 
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Again, considerable license with assumption of the parameters has been used to 

derive these expressions and there are other more precise modeling approaches that may 

be applied for specific applications and materials. However, a few general points become 

clear from these equations. Being proportional to the square of the current, the force 

between the two bodies is always attractive independent of the current polarity. Also the 

force varies approximately with the inverse square of the motion. To assess the effect of 

scaling, consider equation (49) where the geometry of the actuator is fixed with a 

reasonably large gap and in the case when the permeability of the core is considerably 

higher than that of air while the geometric factors are of comparable value. Under these 

circumstances equation (49) reduces to 
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Again, using similar arguments as before, the product of turns and current represents 

current density. This will scale with area of the winding. Additionally, it has rashly been 

assumed that the permeability is a constant independent of the field. In practice, this will 

be limited by the saturation field that has, in turn, been shown to have a maximum 

potential corresponding to a high ( )maxBH  on the B-H curve for many of the core 

materials commonly selected for solenoid applications [63]. Simple dimensional analysis 

on equation (51) produces a work density scaling of the form 
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Comparing equation (44) with the work density proportional to the square of the 

dimensions of a device, it is suggested that such systems scale even less desirably than 

voice coil designs. 
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In both of the above approaches, it is apparent that, based on the simplified model, 

the force scales with maximum current density. In practice, it is resistive heating and the 

subsequent heat dissipation (usually being transferred by conduction from the surface of 

the outside of the coil) within the actuator that imposes a limit on the current density and, 

therefore, the work available to the system. In general, because the ratio of surface area to 

volume increases with reduced size, it is possible that the limiting current density will be 

increased with reduced size, thereby offsetting, to some extent, the unfavorable scaling 

indicated by the above analyses. 

In general, based on the above considerations, it is not surprising that 

electromagnetic actuators have found few applications in meso and micro-scale devices. 

However, this is not to say that applications do not exist [64, 65]. One has only to 

disassemble digital watches with mechanical ‘hands’ to find meso-scale examples of both 

types of actuators. 

3.4 Electrostatic 

Electrostatic actuators have been used extensively for providing forces in MEMS systems 

[66,67]. This, in part, provides a clue as to the favorable, or, at least, competitive, scaling 

of such a mechanism. One particular advantage of electrostatic over piezoelectric 

actuators is that electrostatic forces can be non-contact, utilizing air or fluids as the 

dielectric material. When they are capable of providing sufficient force to produce the 

desirable displacements, this makes them favorable for continuous motion systems and, 

for positioning systems. In general, the force is derived from the gradients of electrostatic 

potential between two or more electrodes. Taking the simplest instance of two parallel 

plate electrodes of square shape of length L and separation distance x, the potential 

energy, U, as a function of applied voltage V is approximately given by 
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==
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where x, y and z represent the possible linear translations of one of the electrodes. 

Considering the case of variable separation (i.e. y = z = 0), the force on the electrodes in 

the direction normal to the plane of the electrodes is 
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The maximum force is clearly a function of the maximum voltage that can be applied to 

the electrodes and this will, in turn, be limited by the maximum electric field, maxE  that 

can be sustained by the dielectric. Consequently, the maximum voltage that can be 

utilized will vary with x according to 

xV maxmax E= . (55) 

Assuming that the actuator operates at this voltage, the maximum work that can be 

provided by this actuator is given by 
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In the above equation, it is assumed that the dielectric constant and field strength are both 

constant. However, it is known that the dielectric strength can increase at reduced 

separation. For example, in air the field strength is known to increase dramatically as 

separation between electrodes reduces to below a few micrometers (a plot of field 

strength as a function of the separation is sometimes referred to as the Paschen curve). 

Substituting (55) into (56) and rearranging, the maximum work is given by 
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The maximum volume of the actuator is 
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2V xL= , (58) 

from which the maximum work density is given by 
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Clearly, the work density is limited by the translation range which will, in practice, be 

limited at one end by the maximum voltages that can be generated and at the other by the 

ability to measure and control small separations and/or actuator geometry. 

There is another limitation imposed on the minimal separation that occurs in many 

applications due to the non-linear stiffness of the actuator at a given applied voltage. In 

some cases, the actuator will be used to drive a flexible mechanism that itself will have a 

finite and, generally, linear stiffness fk . However, the stiffness of the electrostatic 

actuator will be a function of the separation, x, given by 
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Subtracting the work done by the actuator from the work done on the flexure mechanism 

gives the work available to drive external processes i.e. 

xkxxkUUU EofEfext −−=−= )( . (61) 

Differentiating (61) yields 
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Noticeably, there will be a point in x after which the force term of equation (62) changes 

sign. At this point, any small perturbation in the separation is likely to result in an 

unstable, and sometimes catastrophic motion of the electrodes towards each other. In the 

absence of mechanical stops, this motion will continue unabated until the electrodes 

come into contact. This is often referred to as the ‘jump-to-contact’ condition at a 

separation, representing a theoretical minimum separation, given by 
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If there is no feedback to determine the maximum possible voltages that can be applied, 

assuming that this is greater than the ‘jump-to-contact condition’, it is common to use a 
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maximum supply voltage that can be tolerated at the minimum mechanical separations 

encountered in practice. Under this condition the maximum applied voltage is fixed and 

the work done by the actuator is given by 
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Assuming that the minimum separation (or maximum voltage) is field strength limited, 

we may assume 

cconst
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where 
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Substituting equations (65 and 66) into (64), dividing by the maximum actuator volume 

and rearranging gives 
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The maximum of (67) is given when 

2=c . (68) 

After which the work density can be expressed by the equation 
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This is also independent of scaling. 

Consider now the alternative mode of operation in which the electrode is constrained 

to move in a direction parallel to the plane of the electrodes. In this case, only translations 
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in the y direction will be considered (i.e. z = 0) so that x is a constant, given as ox . An 

interesting consideration with such an approach is that, in theory, it should be possible to 

overcome the jump to contact by using a ‘comb’ of electrodes. In this the forces and 

successive derivatives, in the direction perpendicular to the plane will compensate, 

thereby eliminating the problem of jump to contact. In practice this problem will still 

exist in the presence of small perturbations and/or asymmetries due to manufacturing 

tolerances and other sources. However, because the electrodes are constrained in this 

direction by design, the flexure stiffness is likely to be considerably higher, thereby 

reducing the possible separations for a given applied voltage. In this mode of operation, 

the force on the electrodes is given by 
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Again substituting for the maximum voltage as determined from the field strength of the 

dielectric gives 
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It is readily apparent that this is independent of displacement and therefore such an 

actuation mode contributes zero stiffness in the drive direction. Such a simplistic model 

enables the force to be applied over a complete traverse of the electrode over a distance 

2L. Hence, ignoring edge effects and other complications, the work density is given by 
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In this case it is apparent that the work density is, yet again, independent of scaling. 

Recently, there has been a growing interest in the production of polymeric layered 

electrostatic actuators that can have enhanced dielectric coefficients and therefore 

increase the achievable work density. The relatively large strains that are possible with 

these actuators have lead to considerable research towards the manufacture of artificial 

muscle and these integrated force arrays produce comparable strains of approximately 
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1/10th of the work density of human muscle [68]. More recently, some ionic polymer-

metal composites have demonstrated work densities comparable to human muscle [69]. 

3.5 Electrostrictive 

Electrostriction is a phenomena, similar to the piezoelectric effect, which gives rise to a 

strain proportional to the square of the applied electric field [70] as seen in lead 

magnesium niobate (PMN)-based relaxer ferroelectric materials [71]. A comparison of 

piezoelectric, electrostrictive and phase-change materials has been given by Uchino [72] 

and Cross [73]. Electrostriction polymers [74] have been shown to produce actuation 

with strains near 4.0%. These actuators tend to be highly non-linear due to their 

dependence on the square of the applied voltage, but may be less hysteretic at a given 

temperature than the more common lead-zirconate-nitrate PZT materials. Electrostrictive 

materials also tend to have 3 to 4 times the capacitance of piezoelectric materials, which 

may reduce their effectiveness for dynamic applications. 

3.6 Magnetostrictive 

Magnetostrictive actuators found a resurgence with the discovery of Terbium-Iron-

Dysprosium alloys commonly called terfenol™ that exhibit a relatively large 

magnetostrictive effect. For this material, application of a magnetic field causes the 

internal magnetic domains to rotate resulting in an expansion strain that can be up to 

around 0.1% at magnetic fields of around 40,000 amp turns per meter. This strain is 

significantly affected by mechanical pre-stresses that tend to align the internal magnetic 

domains along the crystal. Maximum energy densities of around 25 kJ⋅m3 are possible 

with this material and this appears to remain approximately constant with scale. In 

practice actuators typically comprise a plate or rod of the metallic crystal surrounded by a 

solenoidal coil. Because of the similar strains produced by this actuator, macroscopic 

devices tend to have a performance and footprint comparable to piezoelectric actuators.  

Scaling of these actuators is difficult to assess. One clue to this can be obtained by 

examining commercially available systems [75]. In these, the winding tends to occupy a 

considerable proportion of the actuator volume. In principle this should lead to a constant 
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work density. In practice, as coils get progressively smaller, there are substantial 

problems associated with the volume occupied by insulation and air gaps (referred to as 

the packing factor of a coil) and this will ultimately limit the fields that can be generated 

as scale reduces. Such considerations also apply to electromagnetic actuators. 

3.7 Hydraulic 

This and the following category, represent a form of fluid power. One key attribute of 

hydraulic systems is that the work can be arbitrarily distributed through a system given 

appropriate piping and control valves. This appears to be the major obstacle. In the 

absence of such concerns, the maximum work density can be considered to be that 

provided by filling a fixed volume with a fluid of pressure P. From basic thermodynamic 

considerations, the maximum work density is 
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One of the problems associated with such a simplistic model for possible power 

density is that of controlling the work delivered by the hydraulic actuator. In macroscopic 

systems, this is achieved via discrete valves that are used to direct the pressurized fluid to 

either side of a hydraulic piston. Typically, spool valves are used and these rely on 

precision manufacture to provide the sealing action often with accuracies of the order of 

tens of micrometers or better. In turn, the spools of these valves are actuated either by 

solenoids or the moving components of the hydraulic actuators themselves. Normally, the 

rate of extension or retraction of the piston is controlled by a restrictor at the outlet port 

of the actuator. When the piston is reversed the role of the ports either side of the piston 

are switched and a non-return valve is necessary to enable free flow of high-pressure 

fluid bypassing the restrictor. Although possible, it is unlikely that manufacturing 

processes will be developed to scale these systems to mesoscopic dimensions and it 

might become inefficient to use solenoids as the main actuator. 

In all cases, the components for control of hydraulic systems can be thought of as 

providing the functions of restriction or flow redirection. In essence a restrictor is a two-

port device while a redirection device requires and minimum of three and more typically 
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four ports (one for the drive (inlet), one for the exhaust (outlet) and one (two) to which 

the flow is to be directed). In many cases the outlet port represents a return pipe to the 

fluid reservoir. All of these functions can be achieved through suitably controlled arrays 

of restrictor mechanisms capable of continuous operation from full flow to complete 

restriction. 

While macroscopic systems have been evolving for over a hundred years and have 

been incorporated for precision applications [76], it is difficult to predict what devices 

will be best suited for flow control as dimensional scales reduce. At meso-scales, it is still 

likely that the fluid power will be supplied from some central source where elaborate 

plumbing systems will be used to route the fluid to a specific location, not unlike 

biological organisms. 

A brief mention regarding microfluidic devices; microfluidic systems have been 

developed for use as pumps, valves and flow sensors [77]. At this time, it appears that the 

majority of these devices are being applied in chemistry and micro-biology studies as 

illustrated by Lab-on-Chip (LOC) devices. There have been two major focus areas of 

microfluidic design as mentioned by Andersson and van den Berg [78]. The first looks at 

applying fluidic components (pumps, valve, etc.) into fluid based systems, while the 

second looks at miniaturizing analytical chemical methods, such as the ability to sort and 

manipulate single cells. Pumps and valves are currently being used to mix fluids, pump 

fluids and sort different micro-structures [79, 80] at the microscopic scale. The 

functionality of these types of systems at the cellular level has and will continue to 

promote single cell manipulation and treatments. It is clear that these kinds of 

applications will continue as micro- and/or nanotechnology applications become more 

prevalent. 

3.8 Pneumatic 

Pneumatic based actuators have the advantage of a readily available source (air) and the 

exhaust can be freely vented. In many aspects the relative advantages mirror those of 

hydraulic based actuators with only one major exception being that the pressures 

attainable with gases are typically less than those achievable with a fluid. Another 
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limitation is the compressibility that leads to thermal changes, and therefore losses, upon 

compression.This is commonly used to explain the Carnot cycle in introductory 

thermodynamics, although, in practice all actuators can be modeled by the Carnot cycle 

[81].  

Typically actuators might be in the form of a piston, diaphragm or bellows type of 

mechanism. In all cases, the method of constraining the gas and enabling its expansion 

with pressure will occupy space thereby reducing the work density of the actuator.  

One of the major problems is that of redirecting the flows of pressurize air. To do 

this requires valves and restrictors for full motion control. At the meso-scale, it has been 

possible to use fluidic devices to control airflow at moderate pressure differences (around 

0.25 bar). These use the boundary layer effect to guide air flows along different paths 

within a valve enabling common logic operations such as ‘and’, ‘or’ and flip-flop control 

of pressure signals. 

As the scale reduces it is necessary to correspondingly reduce the scale of the valves 

and flow control device. There has been considerable research and development of 

thermo-pneumatically controlled valves [82, 83], which may be used at the meso-, micro-

scales since thermal time constants scale favorably thus increasing operational 

bandwidths at small-scales. Typically, the valve is opened or closed by deflecting a 

diaphragm against an orifice using the thermo-pneumatic actuator. This actuator consists 

of a fluid (Fourinert) that is contained in an enclosure with one of its walls being a 

flexible diaphragm. Also within this enclosure is a heating element that is used to heat 

and therefore expand the fluid. Movement of this diaphragm can then be used to open and 

close a valve or can be used to operate a peristaltic type pump, in the reference cited to 

generate pressures of up to 30,000 N⋅m-2, for examples see [84, 85]. 

3.9 Thermal 

At macroscopic scales, thermal actuators tend to be too slow and of limited displacement 

range for most applications. However, when bandwidth is not important, such actuators 

can provide a smooth and continuous action that has been used for scanning mirrors in 
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optical interferometers and other fine motion applications. Typically, ignoring the 

thermo-pneumatic actuators mentioned above, the actuator comprises a simple monolithic 

element heated either by surrounding it with a heating wire, induction coil or, if it 

conducts electricity, directly by passing a current through it. While other sources of heat 

are possible (including chemical potential from interactions or burning of fuels) electrical 

heating provides more controlled power. One of the main advantages of a thermal 

actuator is its simplicity sometimes requiring little more than a pair of electrical 

connections. 

In its simplest form, a thermal actuator can be made from a cube of material of 

length L. While the cube will typically expand linearly with an increase in temperature, it 

will generally be used to provide a linear motion in a defined direction. For relatively 

small changes in temperature, it may be assumed that the volume expansivity is constant 

resulting in a dimensional change 

TLx Δ= αδ , (74) 

where α is the coefficient of thermal expansion and ΔT is the change in temperature 

(usually taken from a nominal 20°C). An estimate of work that can be obtained from a 

thermal actuator is complicated by a corresponding variation in the elastic modulus with 

temperature as well as variation in the expansion coefficient with temperature [86]. The 

change in energy of the actuator system can be expressed by 

∫∫∫−Δ=
V

p pdVTmCdU , (75) 

where m is the mass, Cp is the specific heat, p is the pressure and V is the volume. More 

generally, the first term in this equation represents the entropy while the second term 

represents work done by the actuator. Again, for small temperature changes it is 

reasonable to assume that the actuator will operate at a nominal elastic modulus and 

thermal expansion coefficient given by the average between the start and finish value. 

Again, assuming that the actuator drives a stiff load, the strain energy stored is given by 
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Hence the energy density is given as 
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The speed of response of the thermal actuator can be represented by the diffusivity. In 

general, the time constant, τ, of a thermal system is given by 

PCL
k
ρ

τ 2= , (78) 

where k is the conductivity and ρ is the density. Clearly, this increases with the reciprocal 

square of the linear dimension, thereby indicating a very favorable dynamic benefit for 

small systems. 

3.10 Shape memory 

In practice, shape memory actuators are really a subset of thermal actuators. Shape 

memory alloys (SMA) were first developed in the early 1950s and have been used for a 

myriad of mechanical devices, such as couplings, sensors, springs and actuators [87]. 

Because of the vast array of processing techniques available, SMA actuators can take on 

any number of forms. Research has been done using SMAs as biomimetics [88] and in 

medical devices [89] where fluid environments increase heat transfer rates due to 

convection and stimulate actuation. They have also been used as actuation mechanisms in 

robotics [90] and been combined with other materials such as elastomers [91] to increase 

response time and controllability. Thin film actuators for MEMS type applications 

provide high work to volume ratios and can have bandwidths up to 100 Hz [92] given 

that the rate of heat transfer is increased due to the large surface area to volume ratio. 

SMA materials can also be utilized for damping in structures because of relatively high 

internal friction. There are a number of parameters that could affect the SMAs damping 

capacity. These include material type, grain size, martensite density and defect structure. 

SMA materials such as Cu-based alloys and Ni-Ti have been shown to have damping 

capacities an order of magnitude larger than common steels, which may prove to be 

critical is some precision applications [93].  
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The shape memory effect (SME) is a property of certain materials whereby 

deformations attained at low temperatures can be removed by heating the material. For 

some materials strains of up to nearly 10% can be completely removed upon heating 

above the transformation temperature. This type of transition is called one-way shape 

memory effect. Two-way shape memory effect allows the SMA to return to a preset 

shape upon heating and then return back to its original shape upon cooling. The SME 

process is fundamentally related to phase transformation of the material, for most shape 

memory alloys, from austenite to martensite and vise versa. These materials also have 

another interesting and potentially useful property of superelasticity. Superelastic SMAs 

can sustain strains of 8-10 % at a reasonably constant stress. This makes SMAs useful as 

constant force springs, for applications such as preload mechanisms for precision 

actuators [94], provided that the strain levels stay within the superelastic limit. There are 

three primary variables that affect the stress behavior of the SMA, ξ  the fraction of 

martensite, T the operating temperature and ε  the strain, which give ( )ξεσσ ,,T= , 

where σ  is the Piola-Kirchoff stress and ε  is the Green strain. A common form of the 

constitutive equation is given by the following; 

ξθεσ &&&& Ω++= TD . (79) 

Taking the integral of equation (79) with respect to time, yield the following relation; 

( ) ( ) ( )oooo TTD ξξθεεσσ −Ω+−+−=− , (80) 

where D is Young’s modulus, θ is the thermoelastic tensor and Ω is the transformation 

tensor as given by Liang and Rogers [95]. A more complete description of the details of 

shape memory effects (SMEs) and superelasticity are presented by Otsuka and Wayman 

[96] and Srinivasan and McFarland [97]. To develop the amount of work available per 

unit volume of SMA actuator, the strain energy of the system can be calculated using the 

straightforward relationship; 

εσdU ∫= , (81) 
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in units of [J/m3]. Considering a stress of 300 MPa and a 2.0% strain operating in the 

supereleastic region where the stress is nearly constant over the strain range, the work 

density of a SMA actuator is on the order of 6.0 × 106 J⋅m-3. This simplified 

representation of the work density is a useful tool for describing the material behavior 

and possible application of such a material as an actuation mechanism. 

Concluding remarks 

The actuator and sensor methods outlined above represent a large number of design 

options. It is hoped that by highlighting the relative merits and limitations of these 

devices, future designers might be able to narrow their choices more rapidly. As 

functional tolerances and overall dimensions become smaller and more attainable, 

scientists and engineers will undoubtedly be expanding and reinventing some, if not all, 

of the topics discussed throughout this paper. It is the wish of the authors that this 

somewhat limited review provides a starting point for the plethora of research and 

development required before fundamental physical limits are reached for a large number 

of systems.  

Clearly, as we enter into the design of ever shrinking mechanical systems it will be 

the job of the designer to make choices based on performance specifications and their 

scale dependence. It is hoped that such data will be collected in a systematic and unified 

format, and any gaps in knowledge ‘filled in’ by future researchers. As stated earlier, we 

believe that it will be the implementation of these technologies that will determine their 

relative success in the marketplace. 

We are also aware that there can be other significant factors, particularly economic, 

that might drive the widespread use of one technology over another. As smaller scale 

systems are developed so too will manufacturing processes. Subsequently, with growing 

markets there will be accompanying economies of scale. For this reason, our attention is 

limited to the physics of the devices rather than technology barriers that also have an 

influence on implementation.  

Sensors are continuously shrinking with the development of new manufacturing 

processes. While there are no clear winners, the highest precisions are more often than 

not achieved with periodic scales having some form of quadrature detection. 
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One pattern becoming apparent is the relative footprint of actuators in comparison to 

the processes they drive. This is readily seen with the electromagnetic motors of 

mesoscale lathes being comparable to that of the lathe itself and the electrostatic comb 

drives of MEMS devices typically around 1- 2 or more times the size of the micro-

mirrors and gears that they drive. Solution of these types of problems might drive new 

paradigms in system design. One possibility, for example, would be to select across these 

scales and use a macro-scale motor to drive many mesoscale machines, much like the old 

19th century factories. 

Perhaps this, and other, broader views may help identify patterns of change in scale. 

From this, optimal system designs will emerge and change as scales are further reduced, 

ultimately to the fundamental physical limits imposed at atomic scales. 
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