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1. Introduction 

The world that surrounds us is purely analog. So, it is mandatory that the interfaces we create to 

communicate with this world are analog in nature. This is a typical aspect of transducers, that 

provide the transition of signals of the real world into electric signals for communication and vice 

versa. The first devices are called sensors, the second are the actuators. One cannot deny the 

massive influence the evolution of sensor and actuator technology over the course of the 20th 

century has seen by micro-and nanofabrication technology developed for integrated circuit (IC) 

manufacturing. A second and more recent development lies in the creation of advanced 

nanomaterials, which can also be applied in transducers. 

 

While at present a vast variety of microsensor devices are successfully applied in a multitude of 

applications, the current portfolio of microactuators is more limited, as the force generated by 

MEMS actuators is often insufficient. Most successful examples deal with controlling light: digital 

mirror devices, optical switches, tunable lenses etc. Still, a sizeable amount of work exists in 

areas such as micropumps and microvalves, which are often essential for lab on chip and 

medical implant development. Further, successful thermal actuators can be found in the inkjet 

printing field, yielding spectacular results in terms of speed thanks to the scaling laws. In fact, 

there lies the core for success in MEMS actuators: exploring the advantages of the scaling 

effect. It allows to obtain unseen and intuitively unexpected performance in the electrostatic 

area, as well as well as in the area of thermal actuation. This puts the focus on finding niche 

markets where the small size not per se should be considered a disadvantage. Bolometers for 

IR imaging are a good example.  

Another particular phenomenon that can yield excellent results is the piezoelectric effect, 

providing a good control on the formation of piezoelectric layers can be achieved. Table 1 gives 

an condensed overview of examples of applications for actuators. 

 

Table 1 : Overview of typical applications for the different driving physics 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

The scaling laws not always are favorable. Friction scales only with the second power of size, 

and limits the deployment of e.g. high speed rotating gears and micromotors using classical 

bearing designs1.  Scaling is especially unfavorable for in electromagnetic devices, where the 

obtainable force scales to the fourth power of the size. Therefore, they are inferior at small scale 

compared to surface-dependent forces such as electrostatic attraction, which scales 

proportional to the second power of size. Obviously, this boosts the electrostatic actuation as 

the winner in microsystems. A God-given advantage of capacitive actuation is that it inherently 

provides the capacitance value between two movable plates, yielding a value for displacement. 

Moreover, the effects of gravity, scaling proportional the cube of size, become negligible 

compared to surface forces.2.  

 

A clear trend in the world of transducer research is the introduction of new, advanced materials. 

Though single crystal silicon is definitely still the workhouse of the industry, the plethora of new, 

often nanotechnology-enabled materials developed or under development has strong potential. 

Such materials include graphene, carbon nanotubes, nanoporous materials, ‘smart’ polymers 

(e.g. electroactive polymers, …) and so on. The result of several billions of years of evolution 

can be expected to be a good inspiration for the designers of one of the main technologies that 

will underpin the 21st century.  

 

In the sections that follow, several actuation mechanisms from table 1 will be shortly discussed. 

2. Electromagnetic actuation 

We have already shown that electromagnetic forces are relatively weak at the microscale and 

below. Beside the earlier mentioned scaling problem, there exist several pending issues that 

block the breakthrough of the magnetic MEMS. High-power dissipation is one of them, since the 

magnetic field is current driven.3  Further, a coil or a relatively bulky external permanent magnet 

is needed, that is hard to fabricate in the traditional IC technology, and it requires space. 

Moreover, at higher frequencies, parasitic losses become dominant, jeopardizing the efficiency 

of the coils. Integratability with the CMOS process is often cumbersome, and finally directivity 

may impose a limitation for certain applications.4 
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3. Electrostatic actuators* 

Electrostatic microactuators have advantages such as:  

1) a favorable scaling for miniaturization,  

2) on chip integration by IC-compatible micromachining using conventional materials,  

3) easily controlled by electronics although high-voltage circuits are required sometimes,  

4) they require very little power, especially with position holding mechanisms.  

However, because they are vulnerable to environment, e.g. dust and moisture, they need to be 

encapsulated in packages. Therefore, the electrostatic actuators are suitable to produce motion 

that can be completed within the constraints of a chip. Such applications include servo feedback 

sensors, self-testing of inertial sensors, optical beam scanners and shutters, and positioning of 

heads and probes. Many configurations have been demonstrated, e.g. a parallel plate 

configuration, and an interdigitating comb-drive configuration. The movable part is supported by 

flexible suspensions in most cases to avoid friction. The instability of a flexible electrode 

deformed by electrostatic force must be taken into account carefully when you design movable 

structures. For example, the motion range of a parallel plate actuator is limited to 1/3 of its initial 

gap due to pull-in instability. 

We will concentrate on the commonly used comb-drive actuator, and its bio application, i.e. the 

silicon nano tweezers. 

 

3.1. COMB-DRIVE ACTUATOR 

The comb-drive, that was first introduced by William C. Tang, et al. in Transducers 19895, 

utilizes transverse force to the major direction of the electric field and has a large displacement 

of a few tens of micrometers. The first device was made by surface micromachining out of 2-

mirometer- thick polysilicon. The driving gap was 2 to 3 micrometers. They formed MEMS 

resonators with frequencies ranging from 18 to 80 kHz and a Q-factor from 20 to 130. Double-

folded suspensions with connection bars were elegantly designed to avoid stiction due to the 

instability of interdigitated fingers. A good actuator should have a large stroke with a fast 

response; this means that the driving force must be large. Suppose the applicable voltage is 

limited, we need to increase the electrode thickness or to decrease the gap width.  

 

3.1.1 Narrow gap device 

Sub-micrometer gaps can be fabricated without sub-micrometer lithography and etching6. The 

basic idea is to make the first comb-teeth with a separation of a given width and to insert it into 

the opposing comb-teeth having the separation slightly wider than that of the first one. As a 

result, the gaps formed are quite small.  

The analysis based on a simple model revealed that the instability of interdigitated fingers 

sticking to each other depends linearly on the overlapping length of fingers and inverse-cubically 

on the gap width. Hirano et al. carefully designed the suspension and obtained 10.6 
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micrometers of motion at 22.2 V with a 500 nm gap. Resonant frequency was around 5 kHz. 

Much more detailed modeling and analysis were performed by the group of Prof. Miko 

Elwenspoek7 for large displacement at low driving voltage. They compared various suspension 

designs. Models were obtained to analyze the lateral large deflection behavior of clamped–

clamped beams and a folded flexure. They also derived expressions for the side-instability 

voltage and the resulting displacement at side instability. Their device produced deflections of 

about 30 micrometers at ~20 V with a resonance frequency of 1.6 kHz. 

Deep reactive ion etching (DRIE) process was invented by Robert Bosch GmbH and patented in 

19968. Combined with silicon-on-insulator (SOI) substrates, it is one of the most commonly used 

technique to fabricate MEMS. Recent development allows us to obtain trenches with aspect 

ratio of 107, width of 374 nm and depth of 40 micrometers9. Thick comb-drive actuators with 

sub-micron gaps that produce a strong force can easily be made by this process. 

 

3.1.2. Vertical comb-drive actuators 

Usual comb-drive actuators move in plane. Some applications, e.g. a rotational scanning mirror, 

require out-of-plane motion. Interdigitated combs with different height or off-set can produce 

such a motion. Self-aligned subsequent DRIE was realized using the first etched structure to 

define the second etching patterns to produce interdigitated comb with different heights10 11 . 

Post processing steps were added to introduce an offset angle by tensile stress of photoresist 

hinges put on the upper surface12 or a rotational silicon hinge with one edge pulled down by a 

stiction pad13. In the former case, offset angles of 20-40 degrees can be introduced to have 

optical scanning angles of +/-18 degrees with a 21V sinusoidal input at 1.4 kHz. 

 

3.1.3. Applications 

As was initially intended, the comb-drive was used for high-Q resonators with potential 

application to RF circuits14. CMOS compatibility of the device is the attractive feature of silicon 
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resonators as compared to conventional quartz resonators. The most successful application is  

vibrational angular rate gyroscope. The suspended proof mass is driven by the comb-drive 

actuator to vibrate at its resonance. When rotational motion occurs around the axis 

perpendicular to the vibrating mass, vibration in orthogonal direction is induced. The amplitude 

of the induced vibration yields information on the rotational speed. ST Microelectronics has 

created very successful products of multi-axis inertial sensors, including the vibrational 

gyroscope15.  

The optical scanning mirror driven by the vertical comb-drive actuator was applied to optical 

coherence tomography16. More exotic application is a MEMDAC device that converts a 12-bit 

digital input (45 V) to analogue displacement output over 8.6 micrometers with 4096 positions in 

~2 nm steps17. 

 

3.1.4. Evolution to vibrational energy harvester 

When a voltage is applied, the comb-drive device produces a displacement. On the contrary, 

when the suspended mass in the comb-drive device is driven by an external force or 

acceleration, it produces output power if two electrodes are polarized at different electrical 

potential. An electret layer, in which electrical charge is fixed, can provide such a built-in 

potential, and avoids the need for an externally applied DC bias voltage.  

An electret film was formed between the interdigitating comb-electrodes separated by a 

microscopic gap18. After DRIE patterning, the gap was thermally oxidized with potassium-ion-

doping. The resultant SiO2 film was polarized at ~500 degree-C with a bias voltage of 100 to 

400 V in vacuum; this voltage is maintained after cooling.  

As an example, we have developed two types of energy harvesters. One is to produce a large 

power in the 1 mW range at relatively high acceleration of ~1 G at 50 to 100 Hz19. The other is 

to collect a faint vibration of a few tens of mG at low frequency in the ~10 Hz range20; this device 

adopts a symmetric configuration composed of a pair of polarized comb-drives to cancel out the 

electrostatic force that constrains the movable electrodes from starting vibration. 

 

3.2. SILICON NANO TWEEZERS 
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3.2.1. Initial Device 

MEMS devices can be miniaturized to the same size as biological cells, since their smallest 

features and motions are in nanometer range. Therefore, micromachined tools are useful to 

perform scientific analysis of biological cells and molecules. A pair of probes with 10-50 nm tip 

radius were micromachined with integrated microactuators. The device was applied to silicon 

nano tweezers (SNT) that handle DNA molecules. The initial device had sharp tips at the end of 

arms that were driven by thermal microactuators21. The sharp tips of SNT were coated with 

aluminum and dipped in an aqueous solution of DNA. A high frequency electric field (~1 MV/m 

at ~1 MHz) between tips attracted molecules, some of which were captured as a molecular 

bundle. We successfully retrieved it from the solution to the air and bent/stretched it. 

 

3.2.2. Nano tweezers with a displacement sensor 

The thermal actuator was replaced by a comb-drive actuator in the second generation device. A 

displacement sensor based on a differential capacitance configuration was integrated (Fig. 1 a). 

Those improvements allowed us to measure the mechanical characteristics of the trapped molecules 

(stiffness, viscosity) by the change in the resonant frequency characteristics of SNT with a DNA 

bundle (Fig. 1 b). A microfluidic device with a side opening was fabricated for the optimal performance 

of the tweezers to operate at the air-

liquid interface for performing 

bioassays in liquid while 

actuating/sensing in air (Fig. 1 c) 22. 

 The minimal immersion of the 

MEMS device in the channel 

provided long-term 

measurement stability (>10 h). 

The method allowed real-time 

monitoring of the effects of 

multiple solutions on the same 

DNA bundle without 

compromising the 

reproducibility. We monitored 

two different types of effects on 

the mechanical responses of 

DNA bundles (stiffness and 

viscous losses) exposed to pH 

changes (2.1 to 4.8) and 

different Ag+ concentrations (1 

μM to 0.1 M). 
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Figure 1: (a) Silicon nano tweezers, (b) resonant measurement, (c) setup with 

 fluidic and electrical equipment [18]. 

 

3.2.3. Applications 

Tumor cell elimination by X-ray beams in cancer radiotherapy is currently based on a rather 

empirical understanding of the basic mechanisms and effectiveness of DNA damage by 

radiation. We conducted real-time biomechanical measurement of the degradation of a DNA 

bundle in solution when exposed to a therapeutic radiation beam23. The SNT and associated 

microfluidic devices can endure the harsh environment of radiation beams and still retains 

molecular-level accuracy.  

The experiments utilized a Cyberknife, a LINAC accelerator mounted on a robot arm at the 

Centre Oscar Lambret in Lille, France. All the setup was placed under the Cyberknife. After 

capturing a DNA bundle, SNT’s tips are placed inside a microfluidic cavity; the alignment and 

the insertion are controlled by a micro-robot. Two different experiments in the same conditions 

are compared (two different bundles). For both bundles the resonant frequencies of the SNT 

decreases exponentially in the same proportion during the irradiation (total dose 30 Gy). 

We also performed electromechanical detection of single stranded DNA (ssDNA) bundle 

generated on the tips of tweezers via isothermal rolling circle amplification (RCA) 24. The DNA 

bundle generated between the tips of SNT was visually confirmed and detected by measuring 

electrical impedance and mechanical resonant frequency as well. The proposed approach may 

be used for pathogen detection by designing the proper primer sequence. 

MEMS tweezers allow the manipulation of biological samples such as individual microtubules of 

25 nm in diameter25. Hanging over a trench between parallel walls, the microtubules can be 

picked by sharp protruding tips. A motorized stage positions the SNT with high precision to 

place the microtubules carried between the tips. Repeating this pick-and-place cycle, a 

multilayered microtubule network is generated to define the motion of beads attached with 

kinesin in selected directions. 

 

3.3. SILICON INCHWORM ACTUATOR 

 

We also developed an inchworm actuator to enable micro-positioning applications for large 

displacements. A growing need for these actuators with low-voltage and low-power operation is 

observed for in vivo biomedical applications where one important design criterion is to cope with 

the limited available power. The actuator has an in-plane angular deflection conversion which 

provides a force-displacement tradeoff and allows to set step sizes varying from a few 

                                                
23

 G. Perret, T. Lacornerie, F. Manca, S. Giordano, M. Kumemura, N. Lafitte, L. Jalabert, M.C. Tarhan, E. 

Lartigau, F Cleri, H. Fujita, D. Collard, “Real Time Mechanical Characterization of DNA Degradation under 

Therapeutic X-rays and its Theoretical Modeling,” Microsystems & Nanoengineering, Vol. 2, Article no. 16062 

(2016), doi:10.1038/micronano.2016.62 
24

 S. L. Karsten, M. Kumemura, L. Jalabert, N. Lafitte, L. C. Kudo, D. Collard, et al., "Direct Electrical and 

Mechanical Characterization of In Situ Generated DNA between the Tips of Silicon Nanotweezers (SNT)," Lab 

on a Chip, vol. 16, pp. 2099-2107 (2016) 
25

 M. C. Tarhan, R. Yokokawa, L. Jalabert, D. Collard, H. Fujita, “Single Molecule Manipulation: Pick‐ and‐  

Place Assembly of Single Microtubules”, Small, Vol. 13, (2017) DOI: 10.1002/smll.201770172 

 



 

nanometers to a few micrometers with a minor change in design. Figure 2 illustrates the concept 

and the fabricated device.  

      

   
Figure 2 : Operation principle, optical and SEM picture and performance of the electrostatic inchworm actuator 

 

This property not only allows possibility of designing different step size actuators for different 

applications, but also provides low-voltage and low-power operation. One actuator works at only 

6 V and enables a range of ± 18 µm and ± 25 µN output force. An optimized actuator works with 

a slightly larger voltage (9 V) and can generate a 50 µm range and 0.3 mN output force. 0.4 mN 

output force actuators are also achieved with 12 V operating voltage26. The encapsulation is 

also very important. In vivo biomedical applications require water-tight packaging of the 

actuators. A successful encapsulation is achieved using a flip-chip technique with the help of 

rendering the surfaces hydrophobic. The packaging technique is demonstrated to allow the 

actuators to work in aqueous environments27. It is believed that this work brings several 

opportunities for future research and achieves a step in developing arrays of moving 

microneedles for health monitoring and patient treatment. 
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4. Piezoelectric actuators 

 

Piezoelectric actuation offers also an interesting potential, especially at the micro- and 

nanometer scale. Piezoelectric crystals such as PZT, AlN or ZnO, when loaded in a specific 

direction, produce a charge. Reversely, they also generate force and expand when a voltage is 

applied. Typically, piezoelectric crystals only expand in the submicrometer range and high 

voltages need to be applied. To remedy the limited stroke, a wide range of mechanical 

configurations to increase the stroke of the actuators exists28. Now piezoelectric actuators have 

found a wide range of applications in areas such as ultrasonic transducers, micropumps29, 

industrial inkjet printers, positioning systems with subnanometer accuracy30, micromotors (e.g. 

in autofocus camera lenses)31 and so on. The research on piezoelectric actuation is still widely 

continuing. An excellent example is the development of piezoelectric nanowires, which promises 

enhanced sensitivity, reduced actuator voltage and improved lifetime32, especially if they are 

connected in an array. Non-typical uses of nanowire piezo’s are now also coming within reach, 

such as power generation when woven into textiles33.  

 

A very promising application field for piezoelectric transducers is in ultrasound for sensing, 

actuation, short range data transfer and imaging. Piezoelectric micromachined ultrasound 

transducers (PMUTs), that consist of thin film membranes, coated with piezoelectric thin films, 

formed on silicon substrates, are a potential solution for integrated transducer arrays. In the last 

decades, ultrasound has found many industrial and medical applications, such as ultrasonic 

actuation 34, medical imaging 35.36.37.  
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The structure of a typical piezoelectric ultrasonic transducer is shown in Figure 3. It has a layer 

of piezoelectric material sandwiched by thin electrode layers, here Ti/Pt and an Al top electrode. 

38 

 
Figure 3. Typical cross-sectional structures and top view of piezoelectric ultrasonic transducer 

 

The membranes of the PMUTs undergo flexural vibrations caused by the electrical AC 

excitation of a piezoelectric membrane. The piezoelectric effect introduces a lateral strain in the 

membrane, which in fact is a composite membrane of several layers. Often, one tries to make 

the silicon carrier dominant in determining the resonant frequency. Then, the flexural mode 

resonant frequencies depends on the membrane geometry, and is also influenced by  

intrinsic stress of the sandwich layers. PMUTs do not require a large actuation voltage, which 

makes them more adapt for a combination with CMOS low voltage circuitry.  

Key is the optimization of the deposition of PZT thin-films. The sol-gel process is a preferred 

method, that allows good control of the crystal directivity. Typical resonance frequencies are 

ranging from several 10kHz up to a few MHz. Displacement of the membranes can run up to  

1200 nm/V18. 

Figure 4 illustrates a nice optical device39 that consists of a two-dimensional MEMS optical 

scanner. It is actuated by the piezoelectric effect of a thin film PZT. Scan range is ±12° at 25 

kHz for the horizontal mode and ±8° at 60 Hz for the vertical mode, and the overall power 

consumption is 100 mW or less. A newly designed mechanical rib structure on the backside of 

the mirror was found to suppress the dynamic deformation of the mirror to the level compatible 

with a high definition of 720 pixels or more. A  

scanning laser type pico-projector was developed for demonstration 
Figure 4. Piezoelectric driven scanning laser display 
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5. Pneumatic, phase change and thermal actuators 

The existing lithography tools can also yield small versions of classic pneumatic or hydraulic 

piston-cylinder actuators at the microscale: beneficial scaling laws dictate that both large strokes 

and large forces are obtainable from sub mm-size actuators. However, sealing and friction 

become the limiting factors40, as well as the control valves to operate the actuators. Elastic 

actuators, e.g. relying on the inflation of a miniature bellow or balloon form a separate and 

interesting class in micro-hydraulic actuators41. 

If the necessary compressed fluid cannot be supplied from outside, there are several ways to 

generate it at the small scale: notable sources include methods include the melting of paraffin 

wax which tends to expand severely, heating a gas and evaporating a liquid.  The latter method 

is used to eject ink droplets in almost all home inkjet printers, of which the high speed is only 

possible due to the favorable scaling of the time constant of heating a volume of liquid. Another 

method consists of reversible electrochemical reactions: for example, water can be split into 

hydrogen and oxygen in a miniature fuel cell, which can also be used to combine the gases 

produced back into water42. below. 

Ionic Polymer Metal Composites (IPMC) are one of the more promising electrically actuated 

polymer  materials43.. They rely on the displacement of ions in a sheet of polymer induced by an 

electric field.  
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Figure 5: electrically sensitive hydrogel
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There are other ionic-movement based actuators, such as electrically sensitive hydrogels which 

can -albeit slowly- swell hundreds percent when exposed to an electric field (figure 5) and 

electrorheological fluids of which the viscosity can be modulated by an electric field. They do not 

require a high voltage, and their volume increase can be up to 400%.  

 

Finally, pneumatically actuated artificial muscles such as the McKibben actuator are finding 

good use in miniature applications such as robotic hand prostheses45 and have been 

downscaled to mm dimensions46, but not below. 

 

6. CONCLUSION 
We have given a bird’s eye view on the exiting and growing field of micromachined actuators. 

Many interesting developments have shown up over the last decade, and will continue to do so 

in the foreseeable future. We can distinguish several levels of developments. The first and most 

basic level is new material development. Especially in the ‘smart material’ research field, which 

encompasses i.a. the polymer actuators discussed above, one relies heavily on this and more 

innovation is bound to come. But further basic research is also taking place in more traditional 

solid state domains, such as piezomaterials. Of course the invention of novel actuation 

principles may not be ruled out as well. 

A next level is the design of the actuators and their microfabrication processes. Novel designs 

and design methodologies such as evolutionary computing can without doubt improve existing 

technologies. Finally, the application level must be addressed. Most current commercially 

available MEMS devices are sensors, not actuators. Next to market forces, which are beyond 
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the scope of this article, we have mentioned several reasons already: the limited force often 

generated and the connection of the fragile internal structure of the device with the outside 

world. Therefore, most successful microactuators are targeting applications that require little 

force and allow to physically separate the actuator from the environment, e.g. in optical beam 

steering.  However, this does not necessarily have to stay like this. It is, as often, instructive to 

look at nature for inspiring examples.  One does not have to look far: a common muscle cell 

contains many thousands of 5 nm diameter actin fibres, acted upon by myosin molecules. They 

form a molecular linear motor, powered by the conversion of ATP to ADP. Muscle fibers can 

exert forces per area of up to 300 kPa, and contract about 30%47,. Self-repair and self-assembly 

features come with the design, and the basic motor units combine well into small or large 

assemblies, tailored to the application.  

At this point, it is impossible to predict how much our actuator technology will approach or even 

surpass nature in the far future. Nevertheless, we can safely cite Feynman once again: also for 

microactuators “there is plenty of room at the bottom”.  

___________________________________________ 
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