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INTRODUCTION

Cantilever-type force and displacement sensors based
on the optical lever method are widely used in various
fields. They can measure micro- to nano-scale motion,
for example in surface evaluation of materials [1].
However, the conventional optical lever system needs
extra optical parts, such as a quadrant photodiode, for
two-axis sensing [2]. It also requires strict optical
alignment, because the reflected beam must be placed at
the center of the photo detector before measurement. To
address this alignment issue, a cantilever incorporating a
diffraction grating has been proposed previously [3].
When the cantilever is illuminated, the reflected striped
diffraction pattern is captured by a lens-less camera and
analyzed using the sampling moiré (SM) method. Since
the SM method simultaneously utilizes multiple
diffraction patterns, precise optical alignment is not
required, and high displacement resolution can be
achieved. However, in the previous design, the
diffraction pattern spread only in one direction, which
limited the detectable force to the downward direction.

In this work, a cantilever incorporating a
two-dimensional diffraction grating is proposed (Fig.1
(a)). Illumination of the diffraction grating generates
diffraction patterns in two orthogonal directions. By
independently analyzing these patterns using the SM
method, both the normal force and the moment acting
on the cantilever can be detected. The proposed
cantilever is designed, fabricated and evaluated.

PRINCIPLE, DESIGN AND FABRICATION

The operating principle of the proposed cantilever is
illustrated in Fig. 1(b). When a light is incident on the
cantilever, a lens-less camera captures diffraction
patterns that spread in both the vertical and horizontal
directions. When a force is applied, bending of the
cantilever induces two-dimensional shifts in the
diffraction patterns. By calibrating the relationship
between applied force and pattern shift in advance, the
force components acting on the cantilever can be
estimated from the measured shifts.

The structural design of the cantilever is shown in Fig.
2(a). The cantilever consists of a 25 upm-thick
rectangular plate supported by bellows-shaped legs. A
loading point and a diffraction grating are integrated
into the plate. The plate dimensions are 3 x 2.5 mm. The
diffraction grating comprises lines with a width of 2 um
and a depth of 50 nm, arranged in two orthogonal

directions with a spacing of 250 um. The fabrication
process is summarized in Fig. 2(b). A 25-1-400 SOI
wafer was used. First, reactive ion etching was
employed to form the diffraction grating. Subsequently,
deep reactive ion etching (DRIE) from the top side
defined the cantilever structure. After flipping the wafer,
backside DRIE was performed, followed by removal of
the BOX layer. Optical microscope images of the
fabricated cantilever and the diffraction grating are
presented in Figs. 2(c) and 2(d). The designed structures
were successfully fabricated with the intended
geometry.

EXPERIMENT AND RESULT

Fig. 3(a) shows the experimental setup. A laser beam
was directed onto the fabricated cantilever, and the
reflected light was recorded using a lens-less camera. A
load cell mounted on a piezo stage was used to apply
force to the cantilever. The piezo stage was driven with
a displacement amplitude of 2 pm at a frequency of 0.5
Hz. A diffraction pattern captured by the lens-less
camera is shown in Fig. 3(b). The intense spot observed
in the upper-left region corresponds to the reflected
beam. The vertical diffraction pattern exhibited a
spacing of 280 um, while the horizontal pattern had a
spacing of 220 pm. The shifts of these patterns in each
direction were analyzed using the SM method.

The experimental results are summarized in Fig. 4. By
changing the contact position of the load cell, sensor
responses corresponding to positive and negative
bending moments were obtained. Downward deflection
of the cantilever caused a downward shift of the
diffraction pattern. In addition, Mx+ induced a
rightward shift, whereas Mx— resulted in a leftward shift,
demonstrating the capability of the sensor to detect
moment direction.

CONCLUSIONS

In this paper, biaxial optical cantilever was proposed.
The fabricated cantilever produced the diffraction
pattern in two directions. By analyzing the diffraction
pattern, we evaluated the response of the pattern shift
when forces were applied to the cantilever.
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Figure 1 (a) Concept sketch of a optical lever combining the
SM method and 2D diffraction grating. (b) Principle of the
proposed device. Analyzing the two-directional shift of the
diffraction pattern with the SM method.
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Figure 3 (a) Photograph of the setup for caribration
experiment. (b) Captured image of the diffraction pattern.
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Figure 4 Results of the calibration experiments: (a) Mx+,
and (b) Mx-.

fabricated device and (d) the 2D diffraction grating.
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