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9.1 Introduction to microcantilever based sensing 

9.1.1 Early approaches to mechanical sensing 

Male individuals of certain animal species like the large domestic silkmoth bombyx mori, who 

is the adult of the silk-thread producing silkworm, are able to detect pheromones emitted by 

the female over several miles by means of their antennas. Such high sensitivity is achieved by 

evolution-driven optimization of chemical detection aimed for the survival of a species. A 

single pheromone molecule already triggers perception. However, a change of behavior only 

occurs at higher concentration.  Highly specific receptors for certain chemical compounds are 

often based on the geometrical conformation of the target molecule, supported by chemical af-

finities and binding between specific functional groups. The adsorption process is frequently 

related to local conformational changes, which are of mechanical nature. Thin membranes and 

beams also possess mechanical properties that render them suitable for detection of small 

forces. This fact can be easily demonstrated when water adsorbs on thin membranes, where 

the large effect of surface tension of water leads to deformation of such thin membranes. 

 

Detecting adsorption by measurement of bending or change in resonance frequency using 

beams of silicon as sensors was already described by Wilfinger et al [72], who detected reso-

nances in large silicon cantilever structures of 50 mm ! 30 mm ! 8 mm. Actuation was per-

formed by localized thermal expansion in diffused resistors (piezoresistors) located near the 

cantilever support to create a temperature gradient that drives the cantilever at its resonance 

frequency. Similarly, the piezoresistors could also be used to monitor mechanical deflection 

of the cantilever. Heng [25] fabricated gold microcantilevers capacitively coupled to mi-

crostrip lines for mechanical trimming of high-frequency oscillator circuits. Petersen [48] con-

structed cantilever-type micromechanical membrane switches made from silicon designed to 

bridge the gap between silicon transistors and mechanical electromagnetic relays. Kolesar 

[31] suggested the use of cantilever structures as electronic detectors for nerve agents. 

The breakthrough for microcantilevers came with the advent of atomic force microscopy 

(Binnig et al [7]), as microfabricated cantilevers have become easily commercially available.  

The technical development also triggered research reports of microcantilever use as sensors. 

Itoh et al [29] presented a microcantilever coated with a thin film of zinc-oxide with piezore-

sistive deflection readout. Cleveland et al [13] reported the tracking of cantilever resonance 

frequency to detect nanogram changes in mass loading when small particles are deposited 

onto AFM probe tips. Gimzewski et al [21] showed first chemical sensing applications, in 
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which static cantilever bending revealed chemical reactions, such as the platinum-assisted 

catalytic conversion of hydrogen and oxygen into water at very high sensitivity. Thundat et al 

[68] demonstrated that the resonance frequency as well as static bending of microcantilevers 

is influenced by changing ambient conditions, such as moisture adsorption. Furthermore they 

found that deflection of metal-coated cantilevers is also thermally influenced (bimetallic ef-

fect). Later Thundat et al [69] observed changes in the resonance frequency of microcantile-

vers due to adsorption of analyte vapor on exposed surfaces. The frequency changes are 

caused through mass loading or adsorption-induced changes in cantilever spring constant. By 

coating cantilever surfaces with hygroscopic materials, such as phosphoric acid or gelatin, the 

cantilever can sense water vapor at picogram mass resolution. 

 

9.1.2 Cantilever Sensors 

Figure Lang_9.1 

For the use of microcantilevers as sensors, neither a tip at the cantilever apex nor a sample 

surface is required. The microcantilever surfaces represent the platform to sense adsorption of 

molecules. Such processes involve generation of surface stress, resulting in bending of the mi-

crocantilever, provided adsorption preferentially occurs on one cantilever surface. Selective 

adsorption on one surface only is controlled by coating typically the upper surface with a thin 

layer showing affinity to the molecules in the environment to be detected. This surface will be 

called sensor surface or functionalized surface of the microcantilever (see Fig. 9.1a). The 

other surface, typically the lower surface, may be left uncoated or be coated with a passivation 

layer being inert or not exhibiting substantial affinity to the molecules that are to be detected. 

To establish functionalized surfaces, often a metal layer is evaporated onto the surface de-

signed as sensor surface. Metal surfaces, such as gold, are frequently used to covalently bind a 

monolayer representing the actual detection layer, e.g. a thiol monolayer with defined surface 

chemistry. The molecules to be detected bind then to the thiol layer. The underlying gold coat-

ing also serves as reflection layer for optical readout of the cantilever. 

 

Adsorption of molecules on the upper (functionalized) surface will produce a downward 

bending of the microcantilever due to formation of surface stress. This process is called for-

mation of compressive surface stress (see Fig. 9.1b), because the adsorbed layer of molecules 

(e.g. a monolayer of alkylthiols) causes downward bending of the microcantilever away from 

its functionalized side. If the opposite situation occurs, i.e. when the microcantilever bends 
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upwards, tensile surface stress is produced (see Fig. 9.1c). A mixing of influences will take 

place, if both the upper and the lower surface of the microcantilever are prone to surface stress 

change effects. In this case, e.g. predominant compressive stress formation on the lower mi-

crocantilever surface might appear like tensile stress on the upper surface. Therefore, it is ex-

tremely important to properly passivate the lower surface so that no processes should take 

place on the lower surface of the microcantilever, facilitating evaluation and discussion of 

cantilever experiments.  

 

9.1.3 Deflection measurement 

Adsorption of molecules onto the functional layer causes stress formation at the interface be-

tween functional layer and the forming molecular layer, resulting in bending of the microcan-

tilever, as the forces within the functional layer try to keep the distance between molecules 

constant. The cantilever beam bends due to its extreme flexibility. This property is reflected 

by the spring constant k of the cantilever. For a rectangular microcantilever of length l, thick-

ness t and width w the spring constant is k is calculated as follows: 
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In first approximation the shape of the bent microcantilever is described as part of a circle 

with radius R. This radius of curvature is given by (Ibach [28]; Stoney [65]) 
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The resulting surface stress change is described using Stoney’s formula: 
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where E is Young’s modulus, t the thickness of the cantilever, " the Poisson’s ratio ("Si = 

0.24), and R the bending radius of the cantilever.  

The deflection of microcantilever sensors can be measured in various ways. They differ in 

sensitivity, effort for alignment and setup, robustness and ease of readout as well as in poten-

tial for miniaturization.  
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9.1.3.1  Piezoresistive Readout 

Piezoresistive microcantilevers (Itoh et al [29]; Berger et al [4]) are usually U-shaped and 

have diffused piezoresistors in both of the legs near to the fixed end. The resistance in the pie-

zoresistors is measured using a Wheatstone bridge circuit composed of three reference resis-

tors, of which one is adjustable. The current flowing between the two branches of the Wheat-

stone bridge is first nulled by changing the resistance of the adjustable resistor. If the 

microcantilever bends, the piezoresistor changes its value and a current will flow between the 

two branches of the Wheatstone bridge. The current is converted via a differential amplifier 

into a voltage, which is proportional to the deflection value. For dynamic-mode measurement, 

the piezoresistive microcantilever is externally actuated via a piezocrystal driven by a fre-

quency generator. The ac actuation voltage is fed as reference voltage into a lock-in amplifier 

and compared with the response of the Wheatstone bridge circuit allowing to sweep resonance 

curves and to determine shifts in resonance frequency. 

 

9.1.3.2  Piezoelectric Readout  

Piezoelectric microcantilevers (Lee et al [34]) are driven via the inverse piezoelectric effect 

(self-excitation) by applying an electric ac voltage to the piezoelectric material (lead zirco-

nium titanate PZT or ZnO). Sensing of bending is performed by recording the piezoelectric 

current change taking advantage of the fact that the PZT layer produces a sensitive field re-

sponse to weak stress through the direct piezoelectric effect. Piezoelectric microcantilevers 

are multilayer structures consisting of a SiO2 cantilever and the PZT piezoelectric layer. Two 

electrode layers, insulated from each other, provide electrical contact. The entire structure is 

protected using passivation layers. An identical structure is usually integrated into the rigid 

chip body to provide a reference for the piezoelectric signals from the cantilever.  

 

9.1.3.3  Capacitive Readout 

Microcantilevers structures for capacitive readout are composed of a rigid beam with an elec-

trode and a flexible cantilever with another electrode (Göddenhenrich et al [22]; Brugger et al 

[10]). Both electrodes are insulated from each other. When the flexible microcantilever is be-

ing bent, the capacitance between the two electrodes changes. From the capacitance change, 
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the cantilever deflection can be determined. Both measurement of static bending as well as de-

termination of resonance frequency are possible.  

 

9.1.3.4  Beam-Deflection Optical-Readout 

Figure Lang_9.2 

The most frequently used approach to read out microcantilever deflections is optical beam de-

flection (Meyer and Amer [40]), because it is a comparatively simple method, which has an 

excellent resolution.  

The actual cantilever deflection x!  scales with the cantilever dimensions; therefore deflection 

responses should be expressed in terms of surface stress !"  in N/m to be able to compare 

cantilever responses acquired with different setups. Surface stress takes into account the canti-

lever material properties, such as Poisson ratio ! , Young’s modulus E and the cantilever 

thickness t. The radius of curvature R of the cantilever characterizes bending, see Eq. (9.2). As 

shown in the drawing in Fig. 9.2, the actual cantilever displacement x!  is transformed into a 

displacement d!  on the position sensitive detector (PSD). The position of a light spot on a 

PSD is determined by measuring the photocurrents from the two facing electrodes. The 

movement of the light spot on the linear PSD is calculated from the two currents 
1
I  and 

2
I  

and the size L of the PSD by 
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As all angles are very small, it can be assumed that the bending angle of the cantilever is equal 

to half of the angle !  of the deflected laser beam, i.e. ! /2. Therefore, the bending angle of the 

cantilever can be calculated to be 

s

d
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where s is the distance between the PSD and the cantilever. The actual cantilever deflection 

x!  is calculated from the cantilever length l  and the bending angle ! /2 by  

lx !="
2

2/#
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Combination of Eqs. (9.5) and (9.6) relates the actual cantilever deflection x!  to the PSD sig-

nal: 
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The relation between the radius of curvature and the deflection angle is 

      
R

l
=

2

!
,                     (9.8) 

and after substitution becomes 

d

ls
R

!
=
2

 or 
.

2

2
l

x
R

!
=

      (9.9) 

 

9.2 Modes of operation 

A microcantilever sensor is a versatile tool for investigation of various sample properties and 

allows to follow reactions occurring on its surface. Various operating modes have been pre-

sented. 

 

Figure Lang_9.3 

 

 

9.2.1 Static mode 

Gradual bending of a microcantilever with molecular coverage is referred to as operation in 

the static mode (Fig. 9.3a). Various environments are possible, such as vacuum, ambient envi-

ronment and liquids. In gaseous environment molecules adsorb on the functionalized sensing 

surface and form a molecular layer, provided there is affinity for the molecules to adhere to 

the surface. Polymer sensing layers show a partial sensitivity, because molecules from the 

environment diffuse into the polymer layer at different rates, mainly depending on the size 

and solubility of the molecules in the polymer layer. By selecting polymers among a wide 

range of hydrophilic/hydrophobic ligands, the chemical affinity of the surface can be 

influenced, because different polymers vary in diffusion suitability for polar/unpolar 

molecules. Thus, for detection in gas phase, the polymers can be chosen according to the 

detection problem, i.e. what the applications demand. Typical chemicals to be detected are 
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what the applications demand. Typical chemicals to be detected are volatile organic com-

pounds (VOCs). 

 

9.2.2 Dynamic mode 

By oscillating a microcantilever at its eigenfrequency, information on the amount of mole-

cules adsorbed can be obtained. However, the surface coverage is basically not known. Fur-

thermore, molecules on the surface might be exchanged with molecules from the environment 

in a dynamic equilibrium. 

In contrast, mass changes can be determined accurately by tracking the eigenfrequency of the 

microcantilever during mass adsorption or desorption. The eigenfrequency equals the reso-

nance frequency of an oscillating microcantilever if its elastic properties remain unchanged 

during the molecule adsorption/desorption process and damping effects are negligible. This 

operation mode is called the dynamic mode (Fig. 9.3b) . The microcantilever is used as a mi-

crobalance, as with mass addition on the cantilever surface, the cantilever’s eigenfrequency 

will shift to a lower value. The mass change on a rectangular cantilever is calculated (Thundat 

et al [68]) according to  

 

#m  =  (k/4$
2
) ! (1/f1

2
 – 1/f0

2
) ,     (9.10) 

 

where f0 is the eigenfrequency before the mass change occurs, and f1 the eigenfrequency after 

the mass change. For calculation of the spring constant k of the cantilever see Eq. (9.1). 

Mass-change determination can be combined with varying environment temperature condi-

tions to obtain a method introduced in the literature as “micromechanical thermogravimetry” 

(Berger et al [4]). The sample to be investigated has to be mounted at the apex of the cantile-

ver. Its mass should not exceed several hundred nanograms. In case of adsorption, desorption 

or decomposition processes, mass changes in the picogram range can be observed in real time 

by tracking the resonance-frequency shift. 
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9.3 Functionalization 

It is essential that the surfaces of the cantilever are coated in a proper way to provide suitable 

receptor surfaces for the molecules to be detected. Such coatings should be specific, homoge-

neous, stable, reproducible and either reusable or designed for single use only. For static mode 

measurements using the beam deflection technique, the cantilever’s upper side, the sensor 

side, is coated with a 20 nm thick layer of gold as reflection layer. The coating method of 

choice should be fast, reproducible, reliable and allow one or both cantilever surfaces to be 

coated separately.  

 

Figure Lang_9.4 

 

For convenient coating with polymer layers, inkjet spotting is used, as it is possible to coat 

only the upper or lower surface. The method is also appropriate for coating many cantilever 

sensor arrays in a rapid and reliable way (Bietsch et al [5]; Bietsch et al [6]), see Fig. 9.4. An 

x-y-z positioning system allows a fine nozzle (capillary diameter: 70 %m) to be positioned 

with an accuracy of approx. 10 %m over a cantilever (Fig. 9.4a). Individual droplets (diameter: 

60 – 80 %m, volume 0.1 – 0.3 nl) can be dispensed individually by means of a piezo-driven 

ejection system in the inkjet nozzle. When the droplets are spotted with a pitch smaller than 

0.1 mm, they merge and form continuous films. By adjusting the number of droplets depos-

ited on cantilevers, the resulting film thickness can be controlled precisely (Fig. 9.4b). The 

inkjet-spotting technique allows a cantilever to be coated within seconds and yields very 

homogeneous, reproducibly deposited layers of well-controlled thickness. Successful coating 

of self-assembled alkanethiol monolayers, polymer solutions, self-assembled DNA single-

stranded oligonucleotides (Bietsch et al [6]) and protein layers has been demonstrated.  This 

technique has been applied to functionalize a polymer coated microcantilever array for the 

chemical vapor detection experiments as described in the following section. In conclusion, 

inkjet spotting has turned out to be a very efficient and versatile method for functionalization 

that can even be used to coat arbitrarily-shaped sensors reproducibly and reliably (Lange et al 

[33]; Savran et al [60]).  

 



 11 

9.4 Example of an optical beam-deflection setup 

9.4.1 General description 

A measurement setup for microcantilever arrays consists of four main parts: 1. the measure-

ment chamber hosting the microcantilever array, 2. an optical or piezoresistive system to de-

tect the cantilever deflection (e.g. laser sources, collimation lenses and a PSD, 3. electronics to 

amplify, process and acquire the signals from the PSD, and 4. a gas handling system to repro-

ducibly inject samples into the measurement chamber and purge the chamber.  

 

Figure Lang_9.5 

 

Figure 9.5 shows a realization of a setup for experiments performed in gaseous environment. 

The microcantilever sensor array is hosted in an analysis chamber of 20 %l in volume, with in-

let and outlet ports for gases. The bending of the microcantilevers is measured using an array 

of eight vertical-cavity surface-emitting lasers (VCSELs) arranged at a linear pitch of 250 %m 

that emit at a wavelength of 760 nm into a narrow cone of 5 to 10°.  

The light of each VCSEL is collimated and focused onto the apex of the corresponding micro-

cantilever by a pair of achromatic doublet lenses, 12.5 mm in diameter. This size was selected 

in order to make sure that all eight laser beams pass through the lenses close to its center in 

order to minimize scattering, chromatic and spherical aberration artifacts. The light is then re-

flected off the gold-coated surface of the cantilever and hits the surface of a PSD. As only a 

single PSD is used, the eight lasers cannot be switched on simultaneously. Therefore, a time-

multiplexing procedure is used to switch the lasers on and off sequentially at typical intervals 

of 10-100 ms. The resulting deflection signal is digitized and stored together with time infor-

mation on a personal computer (PC), which also controls the multiplexing of the VCSELs as 

well as the switching of the valves and mass flow controllers used for setting the composition 

ratio of the analyte mixture. 

 

9.4.2 Cantilever-based electronic nose application 

Besides specific receptor analyte binding, also the response pattern of a range of several dif-

ferently coated sensors, e.g. coated with polymer layers, can be used to identify chemical va-

pors (artificial or electronic nose application). Using a cantilever array sensor setup consisting 
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of 8 polymer-coated cantilevers and automated gas handling system, several solvent vapors 

can be distinguished. 0.1 ml of various solvents was placed in vials, and the vapor from the 

headspace above the liquid was sampled using microcantilever sensors, operated in static de-

flection mode as a kind of artificial nose. Detection of vapors takes place via diffusion of the 

vapor molecules into the polymer, resulting in a swelling of the polymer and bending of the 

cantilever. Each cantilever is coated with a different polymer (see Fig. 9.6 and Table 9.1). The 

bending is specific for the interaction between solvent vapor and polymer time- and magni-

tude-wise. 

 

Table 9.1 

 

Figure Lang_9.6 

 

Cantilever deflection traces upon subsequent injection of solvent vapor for 30s and purging 

with dry nitrogen for 150 s are shown in Fig. 9.7 for (a) water, (b) methanol and (c) ethanol.  

The cantilever deflections at 10, 20, 30 and 40 seconds after completion of solvent vapor in-

jection are extracted. They describe the time-development of the curves in a reduced data set, 

i.e. 8 x 4 = 32 cantilever deflection amplitudes (‘fingerprint’) that account for a measurement 

data set. This data set is then evaluated using principal component analysis (PCA) techniques, 

extracting the most dominant deviations in the responses for the various sample vapors. The 

axes refer to projections of the multidimensional datasets into two dimensions (principal com-

ponents). The labels in the PCA plot (Fig. 9.7d) indicate the individual measurements. The 

PCA plot shows well separated clusters of measurements indicating clear identification of va-

por samples. 

 

Figure Lang_9.7 

 

5 Applications of cantilever based gas sensors 

The application fields of microcantilever gas sensors are diverse: gas sensing, vapor sensing 

(artificial nose application), explosives detection, gas pressure and flow sensing. The follow-
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ing sections will review some recent publications in these fields, complemented by theory, 

simulation and fabrication aspects.  

 

9.5.1 Gas sensing 

Several publications investigate the detection of hydrogen using Pd-coated cantilever sensors. 

Hu et al [27] have studied bulk adsorption of hydrogen on palladium using differential stress 

formation on a bimaterial cantilever. The adsorption of hydrogen into palladium results in 

film expansion, whereby the bending magnitude is proportional to hydrogen partial pressure. 

Bending also depends on the thickness of the Pd film and is reversible. Unlike hydrogen ad-

sorption, mercury adsorption on a gold film is irreversible, as it is a surface adsorption proc-

ess. Baselt et al [3] describe the design of a microelectromechanical (MEMS) hydrogen sensor 

consisting of an array of 10 micromachined cantilever beams. The deflection is measured us-

ing the capacitive method with a dedicated readout circuit including wireless transmitters ca-

pable of transmitting data over a distance of 30m. The sensitive coating is composed of 90% 

Pd and 10% Ni and can easily detect concentrations of 0.4 % hydrogen. It operates reversibly. 

Influences of relative humidity and temperature have also been studied. Fabre et al [18] pre-

sent a hydrogen sensor based on Pd-coated microcantilevers. It was found that the surface 

stress response depends strongly on the hydrogen dissociation into the bulk of the Pd layer, 

whereby the influences of cantilever shape and surface roughness play also an important role. 

Ono et al [44] report resonating cantilever sensors to investigate the hydrogen storage capacity 

of carbon nanotubes (CNT). The storage capacity was found to be up to 6% and the mass 

resolution was on the order of attogram. Zhou et al [76] use self-excited piezoelectric micro-

cantilevers with a layer of MFI zeolites to detect Freon down to a concentration of 10 ppm, 

whereby ethanol vapor shows no effect up to the largest concentration of 500 ppm that was 

measured (Zhou et al [77]). 

Mertens et al [38]  presented results on detection of HF, a decomposition product of nerve gas 

agents, using SiO2 coated Si3N4 microcantilevers. Detection based on etching of SiO2 was 

achieved in the range from 0.26 to 13 ppm. Embedded piezoresistive cantilevers have been 

used by Kooser et al [32] for detection of carbon monoxide using a nickel-containing polyeth-

ylene oxide (PEO) layer for detection. Ni has been added to the PEO solution as nickel acetate 

and serves for resistivity measurement. After drying for 24 h and exposure for 1 h to dry ni-

trogen, the sensor was exposed to carbon monoxide, resulting in a resistance drop. For con-

centration ratios up to 1:10 (CO:N2) the sensor response was fully reversible. Adams et al [1]  
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report on piezoelectric cantilevers for mercury detection down to a concentration of 50 ppb. 

Again, after three subsequent exposure steps, the cantilever was irreversibly saturated. Porter 

et al [57] demonstrate HCN detection using embedded piezoresistive microcantilever sensors 

down to a concentration of 150 ppm. HCN was generated by reacting KCN with sulfuric acid. 

No response was observed for H2SO4 vapors only. Sensitivities are summarized in Table 9.2 

 

Table 9.2 

 

9.5.2 Chemical vapor detection 

Jensenius et al [30] describe a microcantilever-based alcohol vapor sensor using the piezore-

sistive technique and polymer coating. They also present a simple evaporation model that al-

lows determining the concentration. The detection limit found amounts to 10 ppm for metha-

nol, ethanol and 2-propanol. Hierlemann et al [26] present an integrated complementary metal 

oxide semiconductor (CMOS) chemical microsensor with piezoresistive detection (Wheat-

stone bridge configuration) using poly(etherurethane) (PEUT) as the sensor layer. They are 

able to reversibly detect volatile organic compounds (VOCs) such as toluene, n-octane, ethyl 

acetate and ethanol with a sensitivity level down to 200 ppm. An improved version of that de-

vice is described by Lange et al [33]. The sensitivity could be increased to 5 ppm for n-octane. 

Later the technique has been refined by using electromagnetic rather than electrothermal ac-

tuation and transistor-based readout reducing power dissipation on the cantilever [70]. Fadel 

et al [19] describe piezoelectric readout in dynamic mode and electromagnetic actuation of 

cantilevers spray-coated with PEUT, achieving a sensitivity of 14 ppm for ethanol. Wright et 

al [75] published a study how to prepare polyethylene glycol (PEG) coated microcantilever 

sensors using a microcapillary pipette assisted method. PEG coating is suitable for ethanol 

sensing as ethanol quickly forms hydrogen bonds with the OH groups of the PEG. Sensor op-

eration is reported to be reversible and reproducible. Senesac et al [61] use artificial neural 

networks for analyte species and concentration identification with polymer coated optically 

read-out microcantilevers. The analytes detected are carbon dioxide, dichloromethane, diiso-

propylmethylphosphonate (DIMP), dioxane, ethanol, water, 2-propanol, methanol, 

trichloroethylene and trichloromethylene. Lochon et al [36] investigate the chemical sensing 

performance of a silicon reconant microcantilever sensor in dependence on the thickness of 

the sensitive coating. For a coating thickness of 1, 4 and 21 micrometers of PEUT a limit of 

detection of 30 ppm was found for ethanol. Satyanarayana et al [59] present a new concept of 
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parylene micro membrane array for chemical sensing using the capacitive method. The 

parylene membrane is suspended over a metal pad patterned on the substrate. The pad and 

part of the membrane that is metal-coated serves as electrodes for capacitive measurement. 

The top electrode located on the membrane is chemically modified by applying a gold layer 

and self-assembled thiol monolayers (-COOH, -CH3 and –OH) for detection of analyte mole-

cules. Successful detection of 2-propanol and toluene is reported. Then et al [67] describe a 

sensitive self-oscillating cantilever array for quantitative and qualitative analysis of organic 

vapor mixtures. The cantilevers are electromagnetically actuated and the resonance frequency 

is measured using a frequency counter. Sensor response is reproducible and reversible. Using 

PEUT coating the smallest measured concentration is 400 ppm, but the limit of detection is 

well below 1 ppm. Chapman et al [11] report on a combination of gas chromatography with a 

microcantilever sensor array for enhanced selectivity. Test VOC mixtures composed of ace-

tone, ethanol and trichloroethylene in pentane, as well as methanol with acetonitrile in pentane 

were first separated in a gas chromatography column and then detected using micocantilevers 

coated with responsive phases such as 3-aminopropyltriethoxy silane, copper phtalocyanine 

and methyl-&-cyclodextrin. Analytes detected include pentane, methanol, acetonitrile, ace-

tone, ethanol and trichloroethylene. Archibald et al [2] present results on independent compo-

nent analysis (ICA) of ethanol, propanol and DIMP using cantilever coated with molecular 

recognition phases (MRP), whereby ICA has proven its feature extraction ablility for compo-

nents in mixtures. Sensitivities are summarized in Table 9.3 

 

Table 9.3 

 

9.5.3 Explosives detection 

Preventive counter measures against terrorism threats require inexpensive, highly selective 

and very sensitive small sensors that can be mass-produced and micro-fabricated. Such low 

cost sensors could be arranged as a sensor grid for large area coverage of sensitive infrastruc-

ture, like airports, public buildings, or traffic infrastructure. Threats can be of chemical, bio-

logical, radioactive or explosive nature. Microfabricated detectors for explosives might be 

very useful for passenger baggage-screening, as compact versions of established technologies 

like the ion mobility spectrometer [17] or nuclear quadrupole resonance [20] have been devel-

oped, but are not likely to be miniaturized further. Another application area would be detec-

tion of landmines. 
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Microcantilever sensors offer sensitivities more than two orders of magnitude better than 

quartz crystal microbalances [43], flexural plate wave oscillators [15] and surface acoustic 

wave devices [23]. Several approaches to detect dangerous chemicals are already described in 

literature: photomechanical chemical microsensors based on adsorption-induced and photo-

induced stress changes due to the presence of diisopropyl methyl phosphonate (DIMP), which 

is a model compound for phosphorous-containing chemical warfare agents, and trinitrotoluene 

(TNT), an explosive [16]. Further explosives frequently used include pentaerythritol tetrani-

trate (PETN) and hexahydro-1,3,5-triazine (RDX), often also with plastic fillers [49]. These 

compounds are very stable, if no detonator is present. Their explosive power, however, is very 

large, and moreover, the vapor pressures of PETN and RDX are very low, in the range of ppb 

and ppt. By functionalizing microcantilevers with self-assembled monolayers of 4-

mercaptobeonzoic acid (4-MBA) PETN was detected at a level of 1400 ppt and RDX at a 

level of 290 ppt [50]. TNT was found to readily stick to Si surfaces, suggesting the use of mi-

crocantilevers for TNT detection, taking advantage of the respective adsorption/desorption ki-

netics [51,52].  Detection of TNT via deflagration on a microcantilever is described by Pin-

naduwage et al [52]. They used piezoresistive microcantilevers where the cantilever deflection 

was measured optically via beam deflection. TNT vapor from a generator placed 5 mm away 

from the microcantilever was observed to adsorb on its surface resulting in a decrease of reso-

nance frequency. Application of an electrical pulse (10 V, 10 ms) to the piezoresistive cantile-

ver resulted in deflagration of the TNT vapor and a bump in the cantilever bending signal. 

This bump was found to be related to the heat produced during deflagration. The amount of 

heat released is proportional to the area of the bump in the time vs. bending signal diagram of 

the process. The deflagration was found to be complete, as the same resonance frequency as 

before the experiment was observed. The amount of TNT mass involved was determined as 

50 pg. The technique was later extended to the detection of PETN and RDX, where much 

slower reaction kinetics was observed [50,53]. Traces of 2,4-dinitrotoluene (DNT) in TNT can 

also be used for detection of TNT, because it is the major impurity in production grade TNT. 

Furthermore DNT is a decomposition product of TNT. The saturation concentration of DNT 

in air at 20°C is 25 times higher than that of TNT. DNT was reported detectable at the 300 ppt 

level using polysiloxane polymer layers [54]. Microfabrication of electrostatically actuated 

resonant microcantilever beams in CMOS technology for detection of the nerve agent stimu-

lant dimethylmethylphosphonate (DMMP) using polycarbosilane-coated beams [71] is an im-

portant step towards an integrated platform based on silicon microcantilevers, which besides 

compactness might also include telemetry [55]. Sensitivities are summarized in Table 9.4 
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Table 9.4 

 

9.5.4 Gas pressure and flow sensing 

Gas sensing does not only involve chemical detection, but also pressure and flow sensing. 

Brown et al [8] have studied the behavior of magnetically actuated oscillating microcantile-

vers at large deflections and have found hysteresis behavior at resonance. The amplitude at the 

actuation frequency changes depending on pressure due to damping. The authors have used 

cantilever in cantilever (CIC) structures, and have observed changes in deflection as gas pres-

sure is varied. At atmospheric pressure, damping is large and the oscillation amplitude is rela-

tive small and hysteresis effects are absent. At lower pressure, abrupt changes in the oscilla-

tion amplitude occur with changes in the driving frequency. Since the change of amplitude 

and driving frequency, at which they occur are pressure dependent, these quantities can be 

used for accurate determination of gas pressure, demonstrated in the range between 10
-3

 and 

10
2
 Torr. Brown et al [9] emphasize that microelectromechanical system pressure sensors will 

have a wide range of applications, especially in the automotive industry. Piezoresistive canti-

lever based deflection measurement has major advantages over diaphragms. The pressure 

range has been extended to 15-1450 Torr by means of design geometry adaptation. Su et al 

[66] present highly sensitive ultra-thin piezoresistive silicon microcantilevers for gas velocity 

sensing, whereby the deflection increases with airflow distribution in a steel pipe. The detec-

tion principle is based on normal pressure drag producing bending of the cantilever. The 

minimum flow speed measured was 7.0 cm/s, which is comparable to classical hot-wire ane-

mometers. Mertens et al [39] have investigated the effects of temperature and pressure on mi-

crocantilever resonance response in helium and nitrogen. Resonance response as a function of 

pressure showed three different regimes, which correspond to molecular flow, transition re-

gimes and viscous flow, whereby the frequency variation of the cantilever is mainly due to 

changes in the mean free path of gas molecules. Effects observed allow measurement of pres-

sures between 10
-2

 and 10
6
 Pa. Mortet et al [41] present a pressure sensor based on a piezoe-

lectric bimorph microcantilever with a measurement range between 0.1 and 8.5 bar. The reso-

nance frequency shift is constant for pressures below 0.5 bar. For higher pressures the 

sensitivity is typically a few ppm/mbar, but depends on the mode number. Sievilä et al [63] 

present a cantilever paddle within a frame operating like a moving mirror to detect the dis-

placements in the oscillating cantilever using a He/Ne laser in a Michelson interferometer 
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configuration, whereby the cantilever acts as moving mirror element in one path of the inter-

ferometer. A fixed mirror serves a reference in the other arm of the interferometer. Sensitivi-

ties are summarized in Table 9.5 

 

Table 9.5 

 

9.6 Other techniques 

9.6.1 Metal Oxide Gas Sensors 

Tin dioxide is the most investigated material for metal-oxide based gas sensors, capable for 

detection of a wide range of gases [12]. The technique takes advantage of the fact that the re-

sistance of the semiconductor changes with the ambient gas concentration and therefore the 

rate of redox reactions is measured. Sensor elements are typically operated at temperatures be-

tween 300 and 550 °C. The sintered polycrystalline surface is responsible for a large resis-

tance change, oxygen absorption increases the potential barrier between grain boundaries. By 

doping of SnO2 with silicon the selectivity can be enhanced [14]. Doping of SnO2 with 0.1 

wt % of Ca and Pt allows detecting various volatile organic compounds [35]. Sputtered WO3 

thin films containing Pd, Au, Bi or Sb catalyst have been recognized as promising candidates 

for sensing elements in gas analysis [45]. Sensitivities are summarized in Table 9.6 

 

Table 9.6 

 

9.6.2 Quartz Crystal Microbalance 

Quartz crystal microbalance (QMB) sensors (see also Chapter 8) are based on a piezoelectric 

substrate (quartz). When actuated by an alternating field, elastic waves are generated in the 

quartz crystal (typically at 10 MHz). Temporarily absorbed molecules perturb the propagation 

of acoustic waves because of the added mass (microbalance) and by changing the viscoelastic 

properties. From the shift of the fundamental frequency, the adsorbed mass can be measured 

at ppm sensitivity [24]. Specific realizations of resonance based sensors are surface acoustic 

sensors (SAW), thickness-shear mode sensors (TSM) and flexural plate wave (FPW) devices. 
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9.6.3 Conducting Polymer Sensors 

Conducting polymer sensors are based on chemoresistors (see also Chapter 5) that are manu-

factured by dissolving a chemically sensitive polymer in an appropriate solvent and mixing 

the dissolved polymer with conductive carbon particles [62]. This mixture (ink) is then depos-

ited and dried onto a solid substrate on which a metal electrode has been applied previously. 

The upper surface of the polymer layer is also coated partially with a metal electrode. When 

chemical vapors come into contact with the polymers, the vapor will diffuse into the polymer 

layer, producing swelling of the polymer. The swelling changes the resistance between the 

electrodes, and a response signal can be measured and recorded. The amount of swelling is 

proportional to the concentration of the vapor present. A variety of volatile organic com-

pounds can be detected in this way. By purging with e.g. dry nitrogen gas the swelling process 

can be reversed. For trichloroethylene concentrations between 1’000 and 10’000 ppm have 

been detected with polyisobutylene or polyepichlorohydrine modified with carbon black [58]. 

Using poly-N-vinyl-pyrrolidone and carbon black, methanol and ethanol have been detected 

at the ppt level [37]. A different possibility to apply conductive polymers for detection of 

volatile organic compounds is the use of piezoresistive microcantilevers embedded in con-

ducting polymers [56]. This design has the advantage of higher stability and ease of use, since 

only an ohmmeter connected to the piezoresistors is required for measurements. 

  

9.6.4 Surface acoustic waves 

The principle of using the surface acoustic wave (SAW) effect for chemical vapor sensing is 

pioneered by Wohltjen and Dessy [73] and described in detail by Wohltjen [74] (see also 

Chapter 8). SAW devices are frequently used for chemical vapor detection because of the 

ruggedness, low cost, electronic output, sensitivity and adaptibility to a wider variety of va-

pors. The substrate for a SAW device must be piezoelectric (e.g. quartz) to permit the easy 

generation of radio frequency Rayleigh waves. As chemical sensor often a polymer layer is 

applied. The resonance frequency of the device is measured during exposure to the analyte 

vapor, allowing to deduce the mass change caused by the adsorbing vapor molecules. Using 

SAW multisensors and pattern recognition techniques vapors can be detected routinely in the 

ppm range [46,47], see Table 9.7 

 

Table 9.7 
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9.6.5 Field effect transistor sensors devices 

The detection principle of field effect transistor (FET) sensors with catalytic metal gates is 

based on the change of the electric field in the insulator, into which gases diffuse (see also 

Chapter 4). Therewith the number of mobile carriers in the semiconductor is changed. Spetz et 

al [64] use SiC FET sensors to monitor combustion processes at temperatures up to 1000 °C. 

By use of different gate electrode materials the selectivity towards specific gases can be opti-

mized, as well as by choice of the operation temperature. Measured concentrations range from 

a few ten ppm to 12 %, as seen from Table 9.8 

 

Table 9.8 
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Figure Legends 

Figure 9.1: (a) Schematic drawing of a microcantilever with its lower surface passivated and it 

upper surface functionalized for recognition of target molecules, (b) downward bending of a 

microcantilever due to compressive surface stress, (c) upward bending due to tensile surface 

stress. 

 

Figure 9.2: Beam-deflection concept to determine microcantilever bending with an accuracy 

of one nanometer. 

 

Figure 9.3: Major operating modes of microcantilever sensors: (a) static mode exploiting sur-

face stress changes, (b) dynamic mode to extract mass changes. 

 

Figure 9.4: (a) Schematic drawing of single-sided microcantilever coating using an inkjet 

spotter. (b) Optical micrograph of the inkjet spotter nozzle. The amount of liquid containing 

the probe molecules can be dosed accurately by choosing the number of drops being ejected 

from the nozzle. 

 

Figure 9.5: (a) Realization of a static mode beam-deflection microcantilever-array sensor 

setup for measurements in gas. A HPLC 6-way valve is used to select vapor from the head-

space of a vial filled with liquid sample. The vapor is transported by nitrogen carrier gas to the 

measurement chamber hosting the microcantilever array. The microcantilever bending is 

measured using optical beam deflection involving VCSELs and a PSD. The location of the la-

ser spot indicating microcantilever bending is processed and digitized using measurement 

electronics and a data acquisition card in a personal computer. (b) Gas handling system con-

sisting of mass flow controllers and syringe pumps for well-defined flow rates.  

 

Figure 9.6: Optical microscopy image of a polymer-coated microcantilever array for applica-

tion as an artificial nose for solvents. The pitch between microcantilevers is 250 micron. 

 

Figure 9.7: Application of microcantilever array sensors as artificial electronic nose. Meas-

urement traces of microcantilevers coated with polymers during the detection of (a) water, (b) 

methanol, (c) ethanol. For every solvent, four consecutive injections of vapor saturated with 

solvent are shown. Upon injection of solvent vapor, the microcantilevers deflect in a specific 

way due to the swelling of the polymers layer on exposure to the solvent vapor. Subsequent 



 27 

purging of the measurement chamber with dry nitrogen gas (flow rate: 100 ml/min.) promotes 

diffusion of the solvent molecules out of the polymer layer, resulting in bending back of the 

microcantilevers to the baseline. (d) Principal component analysis (PCA) of the response pat-

terns of all eight microcantilevers upon exposure to the three different solvent vapors. Clear 

separation of the clusters proves the excellent distinction capability of the artificial nose setup. 

Each symbol in the PCA plot corresponds to one of the injections in (a)-(c). 
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Tables 

Table 9.1 Polymer coatings 

Cantilever  Polymer  Full name of compound 

1   PSS   Poly(sodium 4-styrenesulfonate) 

2   PEI   Polyethylenimine 

3   PAAM   Poly(allylamine hydrochloride) 

4   CMC   Carboxymethylcellulose sodium salt 

5   Dextran  Dextran from Leuconostoc spp. 

6   HPC   Hydroxypropyl cellulose 

7   PVP   Polyvinylpyrrolidone 

8   PEO   Poly(2-ethyl-2-oxazoline) 

 

 

 

 

Table 9.2 Detection limits of gaseous analytes 

Analyte  Detection limit Reference 

H2   20 ppm  Hu et al [27] 

Hg   0.4 ppb  Hu et al [27] 

Hg   50 ppb   Adams et al [1] 

Hg   4000 ppm  Baselt et al [3] 

Freon   10 ppm  Zhou et al [76]  

HF   0.26 ppm  Mertens et al [38] 

HCN   150 ppm  Porter et al [57] 
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Table 9.3 Detection limits of vapors 

Analyte  Detection limit Reference 

Methanol, ethanol,  

2-propanol  10 ppm  Jensenius et al [30] 

Toluene, n-octane,  

ethyl acetate  10 ppm  Jensenius et al [30] 

Ethanol  200 ppm  Hierlemann et al [26] 

n-octane  5 ppm   Lange et al [33] 

Ethanol   14 ppm  Fadel et al [19] 

Ethanol  30 ppm  Lochon et al [36] 

Butanol  0.19 ppm  Then et al [67] 

n-octane  0.6 ppm  Then et al [67] 

Toluene  0.38 ppm  Then et al [67] 

 

 

 

 

Table 9.4 Detection limits of Explosives 

Analyte  Detection limit Reference 

PETN   1400 ppt  Pinnaduwage et al [49] 

RDX   290 ppt  Pinnaduwage et al [49] 

DNT   300 ppt  Pinnaduwage et al [54] 
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Table 9.5 Detection limits of gas pressure and flow 

Technique  Measured  Reference 

Cantilever in  

cantilever, pressure 1.33-133 mbar  Brown et al [8] 

Cantilever in  

cantilever, pressure 20-1933 mbar  Brown et al [9] 

Resonant response,  

pressure  10
-5

 – 1000 mbar  Mertens et al [39] 

Piezoelectric  

bimorph, pressure 0.1 – 8.5 bar  Mortet et al [41] 

Acousto-optical,  

pressure  0.1 mbar  Sievilä et al [63] 

Bending beam,  

flow   0.07 m/s  Su et al [66] 

 

 

 

 

Table 9.6 Metal oxide sensors 

Gas   Detection limit Reference 

CO   15 ppm  Comini et al [14] 

NO2   200 ppb  Comini et al [14] 

NO2    5 ppm   Penza et al [45] 

H2S   1 ppm   Penza et al [45] 

NO   10 ppm  Penza et al [45] 

CH4    1 ppm   Penza et al [45] 

SO2    1 ppm   Penza et al [45] 

Ethanol  1000 ppm  Lee et al [35] 

Methanol  200 ppm  Lee et al [35] 

Toluene  100 ppm  Lee et al [35] 

Acetone   200 ppm  Lee et al [35] 

Benzene  10 ppm  Lee et al [35] 
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Table 9.7 Surface acoustic wave sensors 

Vapor   Detection range Reference 

Methanol  15 – 130 ppm  Penza et al [46] 

Acetone  50 – 250 ppm   Penza et al [46] 

Propanol  5 – 70 ppm  Penza and Cassano [47] 

 

 

 

 

Table 9.8 Detection of gases with FET sensors (after Spetz [64]) 

Gas  Low concentration  High concentration 

CO2  3%    9% 

CO  50 ppm   250 ppm 

O2  6%    12% 

NO  200 ppm   1000 ppm 

C3H6  130 ppm   260 ppm    

H2O vapor 2%    2% 

 



 
 

 

Lang – Cantilever based gas sensing,   Figure 1 



 
 

Lang – Cantilever based gas sensing,   Figure 2 



 
 

 

Lang – Cantilever based gas sensing,   Figure 3 

 



 
 

 

Lang – Cantilever based gas sensing,   Figure 4 

 



 
 

 

Lang – Cantilever based gas sensing,   Figure 5 

 



 
 

 

Lang – Cantilever based gas sensing,   Figure 6 

 



 
 

 

Lang – Cantilever based gas sensing,   Figure 7 

 

 


