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Real-time profile of microcantilevers for sensing applications
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An optical readout technique has been developed for real-time monitoring of the profile of
microcantilever arrays for sensing applications. The technique is based on the automated
two-dimensional scanning of a laser beam by using voice-coil actuators. Cantilever profiles are
obtained with subnanometer resolution and a processing speed of about ten cantilevers per second.
The technique is applied for real-time monitoring of the adsorption of the alkylthiol
mercaptohexanol in an aqueous environment by using an array of five microcantilevers. Molecular
adsorption produces a cantilever strain that significantly differs from the Stoney’s model. Main
strain changes are strongly located near the cantilever clamping. © 2005 American Institute of
Physics. �DOI: 10.1063/1.2136410�
Nanomechanical sensors are based on the measurement
of the strain induced on suspended microstructures such as
cantilevers by molecular adsorption.1–9 A crucial element of
these devices is the readout technique that ideally should
satisfy �i� high sensitivity for measuring the cantilever strain
as well as �ii� the capability for readout of microcantilever
arrays for simultaneous detection of different targeted mol-
ecules and also for isolation of molecular recognition signals
from other nonspecific signals. Optical techniques based on
beam deflection and interferometry have been used for mea-
suring the relative displacement of a single point near the
cantilever free end with picometer resolution.10 However,
simplistic models must be assumed to deduce the strain of
the cantilever from the displacement measurement. Recently,
two research groups have overcome this limitation by devel-
oping optical techniques for measuring the cantilever profile
based on an array of eight laser emitters and phase shifting
interferometry, respectively.11,12 On the other hand, the
implementation of optical techniques for readout of micro-
cantilever arrays implies important restrictions in the canti-
lever geometry, cantilever interdistance, and the number of
cantilevers.13,14

Here we present a technique for optical readout of the
profile of microcantilever arrays with subnanometer resolu-
tion and a processing speed of about ten cantilevers per
second.

The readout technique combines the optical beam de-
flection method and the automated two-dimensional scan-
ning of a single laser beam by voice-coil actuators. Figure
1�a� shows a schematic drawing of the experimental setup. A
3 mW laser diode is mounted on two perpendicular linear
voice coil actuators that allow two-dimensional nonhyster-
etic displacement over a range of several millimeters at
speeds of up to 50 mm/s with an accuracy of 100 nm. One
of the scanning axes is oriented parallel to the cantilever
longitudinal axis. The laser beam is directed to illuminate the
cantilever array and a two-dimensional linear position detec-
tor �PSD� is arranged to collect the reflected beams. A con-
vergent lens is used to decrease the spot size of the laser on
the cantilevers to 5–10 �m, approximately. Two scan trajec-
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tories are executed in order to obtain the cantilever profile in
the array �Fig. 1�b��. In a first scan, the laser beam is dis-
placed perpendicularly to the longitudinal cantilever axis for
identification of the cantilever positions by detecting maxima
of light intensity in the PSD.15 Second scans parallel to the
longitudinal cantilever axis are, then, performed from the
reference positions identified in the first scan, in order to
measure the cantilever profiles.

A change of the local slope at the cantilever surface re-
sults into a displacement of the reflected laser spot on the
PSD, referred to as s. Thus, the displacement recorded by the
PSD during the second scans are described by

s�x� � 2D
dz

dx
�x� + x cos � , �1�

where z�x� is the cantilever profile along its longitudinal axis,
D is the distance between the cantilever and PSD, and � is
the angle between the incident laser beam and the cantilever
normal at its rest position. Second summand accounts for the
effect of the laser beam displacement, which is generally
small compared to the first summand associated to the slope
variations. The cantilever profiles are obtained by integrating
Eq. �1�,
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FIG. 1. Schematic depiction of the readout technique for real-time profiling
of cantilever arrays. �a� Depiction of the experimental setup. �b� Schematic
of the scan trajectories performed over the cantilever array. The dotted line
represents the first scan trajectory performed to detect the position of the
cantilevers. Continuous lines represent the second scan along each

cantilever.
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The technique was applied for measuring the temporal
evolution of the mechanical response of a silicon array com-
posed by five microcantilevers coated with a thin gold layer
on one side, during the exposure to the alkylthiol mercapto-
hexanol �MCH� in an aqueous solution. MCH forms highly
packed monolayers on the gold-coated side of cantilevers
due to the strong bond between the thiol end and the gold.

Figure 2�a� shows the resulting cantilever profiles mea-
sured in water before and after exposure of the cantilevers to
MCH. The scan speed was set to 500 �m/s and the longitu-
dinal axis of the cantilever was selected with a precision of
100 nm. We did not observe significant variations in the can-
tilever profile for small offsets with respect to the centre axis.
The cantilever free ends were determined at the positions
where the total light intensity collected by the PSD falls to
the half. The cantilevers displace upward �toward the silicon
side� 360–410 nm. The displacement arises from the com-
pressive surface stress on the gold due to the strong attach-
ment of the MCH molecules, which expands the gold surface
�bottom� with respect to the silicon side �top�. From the pro-
file data, the displacement of the cantilever free end is ob-
tained and monitored in real time to follow the adsorption
process �Fig. 2�b��. The cantilevers significantly displace up-
ward during the first seconds of exposure to MCH indicating
that a highly packed monolayer is quickly formed. Then the
cantilevers slowly displace downward during several min-
utes. This is attributed to the detachment of loosely bound
molecules as well as long-term reorganization processes in

FIG. 2. �a� Displacement profile of five gold-coated silicon cantilevers of an
array before �dotted lines� and after adsorption �solid lines� of MCH. The
vertical dashed line indicates the clamping position. �b� Real-time measure-
ment of the displacement of the free end of the five microcantilevers. The
arrow indicates the moment when the MCH begins to adsorb on the canti-
levers. The data is obtained from the continuous measurement of the canti-
lever profiles such as those shown in �a�. The inset in �b� shows an optical
image of the cantilever array used in the experiments. The measurements
were performed in water and the cantilevers length, width, and thickness
were 400, 100, and 1 �m, respectively. The array pitch distance was
250 �m.
the monolayer.
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To elucidate the strain mechanisms of the cantilevers
during molecular adsorption, the initial cantilever profiles
were subtracted from the profiles after MCH adsorption. Fig-
ure 3�a� shows the profile variation corresponding to one of
the cantilevers for major simplicity, although the results were
found reproducible for all the cantilevers of the array. A
maximum displacement of 408 nm is found at the free end of
the cantilever. Notice that this technique provides the real
deflection. In the usual optical beam deflection technique, the
deflection value is obtained by assuming a cantilever bend-
ing with uniform curvature due to the differential surface
stress between opposite sides, a situation that is not real, as
shown below. From the differential displacement profile, the
tilt angle variation and curvature variation profiles are calcu-
lated, as shown in Fig. 3�b�. The effect of the compressive
surface stress onto the gold surface induces a strong curva-
ture change at the clamping region of about 2.2
�10−5 �m−1, that quickly decays toward the free cantilever
end. In fact, the mean curvature change in the free region of
the cantilever is much smaller and with opposite sign, of
about 1.33�10−6 �m−1. In a similar way, a noticeable slope
variation is found near the clamping region that continuously
decreases along the cantilever length. The slope variation at
the cantilever end is of about 25%-30% smaller than near the
clamping.

The effect of differential surface stress on the cantilever
strain is usually described by applying the Stoney’s model
discovered almost one century ago. This model was origi-
nally applied to understand the bending of plates under the
deposition of metallic films by electrolysis. The model accu-
rately predicts a uniform curvature radius inversely propor-
tional to the tension �surface stress� of the deposited film.
Stoney’s model clearly deviates from the picture here ob-
tained for the cantilever strain induced by molecular adsorp-

FIG. 3. �a� Change of the displacement profile due to MCH adsorption in
water for one of the cantilevers of the array shown in the inset of Fig. 2. �b�
Profiles of the change of the slope �solid line� and curvature �dotted line�
due to MCH adsorption in water. The vertical dashed arrow indicates the
clamping position.
tion, which can be described as an angular translation of the
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beam due to the curvature change in the region of the
clamp.16 We attribute this different behavior to that Stoney’s
equation applies for plates that are unrestrained along their
edges, whereas cantilevers are rigidly clamped at one of the
ends.17–19 However, a major theoretical modelling is required
in order to establish the basis on the mechanical response of
cantilevers induced by molecular adsorption.

In conclusion, an optical technique has been developed
for real-time profiling of cantilever arrays for biological and
chemical sensing. The technique has been applied for mea-
suring the profile change of a cantilever array during the
molecular adsorption of MCH in a water solution.
Adsorption-induced strain significantly deviates from the ex-
pected behavior �Stoney’s model�. The implications of the
results are of crucial relevance for the understanding of the
bending mechanisms in cantilever sensors as well as for op-
timization of readout techniques.
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