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We have engaged in researching and developing a
large number of sensor devices using piezo-resistive
cantilevers. The important technical features of our
sensor devices lie in their very high detection sensi-
tivity that has been achieved by the use of cantilevers
of a very thin structure: as a typical example, force-
detection sensitivity of about 10 pN has been achieved
by using cantilevers of 300-nm thickness. This pa-
per presents our developed sensor devices and applica-
tions and their respective features: more specifically,
devices to directly measure object-contacting forces,
devices embedded in an elastic body to measure its
deformations, devices to measure air flows and vibra-
tions, devices to measure differential air pressure, de-
vices to measure differential pressure between cavi-
ties and external environment, and devices with can-
tilevers arranged on the liquid interface.
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1. Introduction

This paper describes micro-electro-mechanical-
systems (MEMS) based sensor devices and applications
employing piezo-resistive cantilevers. A cantilever refers
to a cantilevered beam, and this paper deals with micro-
cantilevers with sizes of several hundred microns or less.
By creating a piezo-resistive part at the micro-cantilever’s
base, where resistance changes during deformation,
the micro-cantilever’s inclinations can be detected as
resistance changes.

A micro-cantilever was used as the probe of an atomic
force microscope (AFM), a kind of scanning probe mi-
croscope (SPM), for the first time. The AFM can image
not only electroconductive but also non-electroconductive
specimens with very high definition in both the verti-
cal and horizontal directions. In measuring resistance,
the micro-cantilever’s deformation needs to be detected
with high resolution by scanning a specimen in contact
or in close proximity. Such deformations used to be de-
tected by several different methods, such as using tunnel-
ing current, optical interference, optical lever, and capac-
itance, which required large and complex apparatus. In
contrast, Reference [1] proposed to combine the micro-
cantilever and piezo-resistance effects to detect the micro-

cantilever’s deformations as resistance changes. Piezo-
resistance effects, also known as piezoelectric effects, rep-
resent any changes in electric resistance or conductivity
due to changes in the crystal lattice structure or in the
electron energy band structure of metals or semiconduc-
tors, which are caused by pressure or distortions. It used
to be employed in semiconductor strain gauges or in the
detection mechanism of pressure sensors.

We have engaged in researching and developing a
large number of sensor devices using piezo-resistive can-
tilevers. The important technological features of our de-
sign lie in using a very thin cantilever structure to achieve
very high detection sensitivity. As a typical example, can-
tilevers as thick as 300 nm have achieved force resolutions
of around 10 pN [2]. Using these piezo-resistive can-
tilevers, we have detected forces, pressures, and displace-
ments with high sensitivity, and have developed devices to
detect various physical quantities by applying such can-
tilevers. In this paper, we categorize by principle the sen-
sor devices and applications we have so far researched and
developed.

2. Structure of Piezo-Resistive Cantilevers and
Fabrication Process

Figure 1 shows a typical example of a piezo-resistive
cantilever: it is 300 nm thick and has two piezo-resistive
hinged parts at its base so that its inclinations can be
detected as resistance changes. It is 100 μm long and
100 μm wide, which may vary with applications.

Figure 2 shows the fabrication process of the piezo-
resistive cantilever [2, 3]: the side view in each step
corresponds to the A–A′ cross section of the bird’s-eye
view. The substrate material is a p-type-doped silicon-on-
insulator (SOI) wafer. The SOI wafer for the device has
a 290 nm-thick Si layer and a 400 nm-thick SiO2 layer,
and a 300 μm-thick Si layer for handling. In the first
step, an n-type piezo-resistive layer is formed on the SOI
wafer by rapid thermal diffusion: the piezo-resistive layer
is 100 nm thick and the sheet has a resistance of 200 Ω/sq.
In the next step, an Au layer is formed and patterned. With
the Au layer as a mask, the device’s Si layer is etched
by inductively coupled plasma reactive ion etching (ICP-
RIE). The Au layer is etched once more to remove the
metal layer from the surface of the piezo-resistive part,

4 Int. J. of Automation Technology Vol.12 No.1, 2018

https://doi.org/10.20965/ijat.2018.p0004

© Fuji Technology Press Ltd. Creative Commons CC BY-ND: This is an Open Access article distributed under the terms of 
the Creative Commons Attribution-NoDerivatives 4.0 International License (http://creativecommons.org/licenses/by-nd/4.0/).

http://creativecommons.org/licenses/by-nd/4.0/


MEMS Sensor Devices with a Piezo-Resistive Cantilever

Fig. 1. Typical example of piezo-resistive cantilever.

(a) Thermal diffusion to dope N-dopant to an SOI wafer.

(b) Depositing Au layer, and patterming AU/Si layers.

(c) Patternubg Au layer.

(d) Removing bottom SiO2/Si layers.

Source: [3]

Fig. 2. Production process of piezo-resistive cantilever [3].

and an electrode is formed. Then, the handling Si layer is
etched by ICP-RIE and the cantilever is released by etch-
ing the SiO2 layer in HF vapor.

3. Sensor Devices Using Piezo-Resistive Can-
tilevers

3.1. Devices to Directly Measure Object-Contacting
Forces

The simplest application of piezo-resistive cantilevers
is to measure the forces involved in handling an object
with the cantilever’s tip. Studies on applications of piezo-
resistive cantilevers include: a study to measure sticking
forces of microparticles to a wall in liquid [4]; a study to

Source: [4]

Fig. 3. Measurements of sticking forces of microparticles [4].

Source: [4]

Fig. 4. Piezo-resistive cantilevers to measure sticking forces [4].

measure the optical near-fields in the neighborhood of a
micro-aperture by scanning a fluorescent bead [5]; a study
to detect protein by measuring the sticking force between
the receptor-applied cantilever and ligands [6]; a study to
measure sticking forces between the ligand-applied can-
tilever and the receptor on the cell surface [7]; and studies
to measure the vibrations and pressure distributions of mi-
crodroplets [8–10].

Herein, we present a study to measure the sticking
forces of microparticles to the wall surface [4]. The final
goal of the study is to self-assemble microstructures by
stirring microparticles in liquid. In order to achieve the
study goal, we need to quantitatively evaluate the sticking
forces of microparticles. Fig. 3 shows how to measure
sticking forces of microparticles, by laterally pushing the
cantilever onto the particle sticking to the wall surface in
liquid and measuring the forces when the particles slip
away.

Figure 4 shows the prototyped force-sensing can-
tilever. In order to enhance its force-detection sensitivity,
we have elongated the cantilever to 200 μm and 350 μm.
The 350 μm-long cantilever is designed to have a spring
stiffness of 1.0 nN/μm and a sensitivity of 220 με/μm
to displacements, in which case its sensitivity to forces
becomes 220 με/nN, and the experiments have demon-
strated similar values.

Figure 5 shows the measurements of the sticking forces
of microparticles. When the cantilever is laterally moved
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Source: [4]

Fig. 5. Example of measurement of binding forces [4].

closer to the particle at a constant rate, it contacts the par-
ticle at point a, increasing its pushing force. The particle
detaches from the wall surface at point b, and the can-
tilever springs back to the original position. The particle
again sticks to the wall surface at point c, and detaches
again at point d. The experiments have enabled us not
only to measure the sticking forces, but also to clearly ob-
serve how the particle sticks and slips away.

Now, we present a study on the measurements of bind-
ing forces between the ligand-applied cantilever and the
receptor on the cell surface [7], which evaluates the den-
sity of the cell’s epidermal growth factor receptor (EGFR)
in terms of its sticking force to ligands. Fig. 6 shows the
experiments we have conducted. With the cantilever’s tip
applied with ligands that react to the cell’s EGFR, the can-
tilever is pushed and separated from the cell’s surface to
evaluate its binding forces.

Figure 7 shows the prototyped cantilever and the ex-
perimental setup. With a gold pad formed at the can-
tilever’s tip, ligands are attached firmly onto it. Avidin-
biotin binding is used to achieve this. First, taking advan-
tage of the thiol’s nature to form a self-assembled mono-
layer film on gold, carboxyl-containing thiol is applied
to the gold film. Next, thiol-contained carboxyl avidin is
prepared and biotin ligands are added to it, when selective
binding occurs.

Figure 8 shows the receptors’ binding forces which we

Source: [7]

Fig. 6. Measurement of receptors on cell surfaces [7].

Fig. 7. Prototype piezo-resistive cantilever and experimen-
tal setup.

Source: [7]

Fig. 8. Changes in binding forces of receptors with time [7].

have measured using cells that are incubated at room tem-
perature: the binding forces are measured with resolutions
of 1 nN or less. While the binding force is 2.9 nN 20 min-
utes after the commencement of incubation, it decreases
to 1.1 nN 60 minutes after the commencement of incuba-
tion. The decrease in the binding force signifies a decrease
in the binding number of the EGFR and its ligands. This
also suggests that the expression level of the receptor on
the cell surface decreases with incubation time at room
temperature.
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Source: [13]

Fig. 9. Tri-axial tactile sensor for robot hand [13].

Source: [13]

Fig. 10. Tactile sensor’s detection principle [13].

3.2. Devices Embedded into Elastic Body to Mea-
sure its Deformations

As piezo-resistive cantilevers embedded into an elastic
body follow the body’s deformations, the deformations
can be detected as electric signals. The typical appli-
cation for this phenomenon is tactile sensors, which in-
clude tri-axial tactile sensors [11], flexible sensors to be
arranged on a curved surface [12], tri-axial tactile sensor
chips [13], tri-axial tactile sensors simulating the struc-
ture of skin [14, 15], and tactile sensors with differential
characteristics [16].

Figure 9 shows a tri-axial tactile sensor placed on a
robot hand [13], which consists of a detection chip with
a piezo-resistive cantilever embedded into the silicon rub-
ber (PDMS). With the detection chip unit installed on the
robot hand, it can detect one-axial forces in the pressure
direction when it grasps an object, as well as two-axial
shearing stress in the orthogonal slip directions.

Figure 10 shows the tri-axial tactile sensor’s detection
principle: when the shearing stress τx acts in the x-axis
direction, the elastic material gets deformed as shown in
Fig. 10(a), which is detected by the x-axis piezo-resistive
cantilever, but the piezo-resistive cantilever in the orthog-
onal y-axis direction does not react to the deformations
because the piezo-resistance changes at the two hinged
parts of the piezo-resistive cantilever are mutually can-
celled. Fig. 10(b) shows the structure to detect the stress

Source: [13]

Fig. 11. Prototyped tri-axial tactile sensor chip [13].

Fig. 12. Detection characteristics for shearing stress in x-
axis direction.

in the z-axis direction, which is not a cantilever, but a
double-supported beam with piezo-resistive parts at both
ends of the beam.

Figure 11 shows the prototyped sensor chip, 2 mm2

in size. Fig. 11(b) shows the piezo-resistive cantilever
to detect shearing stress in the y-axis direction, which is
300 nm thick, 300 μm long, and 25 μm wide at the hinged
part, and has a resistance value of about 2 kΩ. Fig. 11(c)
shows the double-supported beam, which is 300 nm thick,
400 μm long, and 80 μm wide, and has a resistance value
of about 0.5 kΩ.

Figure 12 shows the sensor chip’s detection character-
istics: the piezo-resistive cantilever to detect the shearing
stress in the x-axis direction has a resistance change rate
of 485 με/kPa on average, as well as a very good linear-
ity; its sensitivity to z-directional stress is 395 με/kPa.

Figure 13 shows an array of prototyped sensor chips: 4
× 4 chips are embedded into 3-mm-thick PDMS. The sen-
sor chips can be arranged on a curved surface, as shown
in Fig. 13.

Presented below is an application example of tactile
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Source: [13]

Fig. 13. Prototyped tri-axial tactile sensor array [13].

Fig. 14. Tri-axial tactile sensors installed on robot hand.

sensors: a housework support robot to support the aging
society with fewer children [17]. Fig. 14 shows tri-axial
tactile sensors placed on the hand of a kitchen robot to
handle dishes. It can determine the slipperiness of the
dishes from the tactile information, and handle the dishes
and cups with appropriate gripping forces.

3.3. Devices to Measure Airflow and Vibrations
Piezo-resistive cantilevers can be used to measure air-

flow rates, as well as sounds deriving from dynamic air-
flow changes. Previous studies include a study to mea-
sure the airflow at the leading edge of an ornithopter’s
wing [18], a study to evaluate the airflow resistance of
thrips’ wings [19], and a study on particle sensors [20].
Previous studies to measure sounds include ultrasonic
sensors using air column resonance [21], ultrasonic sen-
sors using Helmholtz resonance [22], and a study to
search for sound sources using a resonance tube [23].

Presented below is a particle sensor using a piezo-
resistive cantilever [20]. As a particle sensor to measure
the cleanliness of air in clean rooms uses the principle of
detecting light scattered from light-irradiated particles, it
needs a laser diode to emit light, a photo diode to measure
the scattered light, and a lens system to concentrate the
laser beam and scattered light. Therefore, we have used
cantilevers to construct a more simply structured particle
sensor.

Figure 15 shows the construction of a particle sensor.
Airflow is generated and a cantilever is arranged within
it. The airflow can be measured from the lowfrequency

Source: [20]

Fig. 15. Particle sensor using piezo-resistive cantilever [20].

components of the cantilever’s output. As vibrations are
generated when particles collide with the cantilever, the
number of particles that collide with the cantilever can be
measured from the number of generated vibrations; then,
the number of particles per unit volume of air can be cal-
culated from the airflow and the number of collided parti-
cles.

Figure 16(a) shows particles colliding with the can-
tilever: (i) to (v) are photos of collisions at t = 0.8, 0.9,
1.0, 1.1 and 1.2 ms, respectively; particles collide at t =
0.9 ms and then are dispersed. Fig. 16(b) shows the can-
tilever’s output waveforms when particles collide with it.
The collisions of particles excite the cantilever’s vibra-
tions, making the cantilever vibrate with its natural fre-
quency. Fig. 16(c) shows the relationship between airflow
velocity and the cantilever’s output amplitude when parti-
cles collide with it. As particles of same size are used in
the experiments, the airflow velocity and output amplitude
are correlated with each other.

Reference [21] reports a study on ultrasonic sensors
combining piezo-resistive cantilevers with the air-column
resonance phenomenon caused by the cavities. Those ul-
trasonic sensors, where the cavities resonate with and am-
plify specific frequencies of ultrasonic waves only, have
such sharp frequency characteristics that they should be
less susceptible to attenuation or disturbances.

Figure 17 shows the structure of the above-mentioned
ultrasonic sensor; cavities that can make air-column reso-
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Source: [20]

Fig. 16. Collision of particles and sensor’s output [20].

 
Source: [21]

Fig. 17. Ultrasonic sensor using air-column resonance [21].

nances of 1/4 wave length are arranged below the piezo-
resistive cantilevers. Fig. 18 shows the prototyped ultra-
sonic sensor. The cantilever is 300 nm thick, 16 μm wide,
and 80 μ m long. The cantilever and the cavity are both
designed to have a resonance frequency of 30 kHz.

Figure 19 shows the evaluation results of the ultrasonic
sensor’s output in response to ultrasonic waves. A single
cantilever has a resonance frequency of 30.7 kHz, and the
sensor’s output voltage in response to ultrasonic waves of
constant output from a distance of 50 mm is 38.4 mV; with
a cavity arranged below the cantilever, the sensor’s output
voltage reaches a maximum of 475 mV in response to a
resonance frequency of 30.9 kHz. This demonstrates that

Fig. 18. Prototyped ultrasonic sensors.

Fig. 19. Air-column resonance effects.

Fig. 20. Differential pressure sensor’s structure and its op-
eration.

the sensitivity has improved by 22 dB due to the cavity
effects. We can also see from Fig. 19 that the sensor’s
resonance characteristics have become sharper.

3.4. Devices to Measure Differential Air Pressure
The differential pressure between the upside and down-

side of the piezo-resistive cantilever can be measured by
narrowing the gap between the cantilever and its sur-
roundings to make it more difficult for air to pass through.
Fig. 20 shows the structure of a differential pressure sen-
sor and its operation. The cantilever shown in Fig. 1 has
exactly the same structure: the size of the cantilever’s
pressure-receiving side is 100 μm × 100 μm, whereas
the gap between the cantilever and its surroundings is
5 μm [3]. Its sensitivity to detect differential pressure is as
high as to deliver resolutions of 0.02 Pa. Presented below
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Source: [28]

Fig. 21. Differential pressure sensor placed on butterfly’s
wings [28].

Source: [27]

Fig. 22. Changes in wing pressure of a flying butterfly [27].

are some of the studies to measure the surface pressure
of wings using differential pressure sensors, which in-
clude a study to measure the surface pressure of artificial
wings [24], studies to measure pressure on the wings of a
flying ornithopter [25, 26], and studies to measure surface
pressure of a butterfly’s wings [27, 28]. Also available is a
study to construct a three-dimensional wind-velocity sen-
sor using a differential pressure sensor [29].

Presented below is an example of measuring the pres-
sure on the wings of a flying butterfly with a differential
pressure sensor placed on its wings [28]. Fig. 21 shows a
differential pressure sensor placed on the wings of a but-
terfly. As the gross weight of the sensor chip and wiring is
4.5 mg, 10% or less than that of the butterfly’s wing, they
are not expected to adversely affect the butterfly’s flying.

Figure 22 shows the changes in the wing pressure of
a flying butterfly [27]. The detailed measurements [28]
show the average absolute values of the measured pres-

Source: [29]

Fig. 23. Structure of a three-dimensional wind-velocity sen-
sor [29].

Fig. 24. Prototyped three-dimensional wind-velocity sensor.

sure; 7.4, 5.5, and 2.1 Pa at the tip, middle, and base of
the front wing, respectively, and 2.1 Pa at the middle of
the rear wing. A momentary value of pressure acting on
the front wing amounts to 10 Pa, ten times greater than
the butterfly’s wing surface load.

Hot-wire anemometers to measure the heat radiated
from a heated object are mainly used as sensors to mea-
sure wind velocities, but can not measure wind direction
three-dimensionally. Sensors that can measure wind ve-
locities three-dimensionally are developed by combining
a cantilever-fitted differential-pressure sensor and flow
channels [29].

Figure 23 shows the structure of a three-dimensional
wind-velocity sensor: there are three differential-pressure
sensors arranged in the SOI substrate surface; the sub-
strate is sandwiched on both upside and downside by
silicon-rubber structures with channels extended in the x-,
y- and z-directions. Fig. 24 shows a photo of the pro-
totyped wind-velocity sensor: its external form is ball-
shaped with a 10 mm diameter.

Figure 25 shows the results of the wind-velocity mea-
suring experiments. With wind flowing through the wind
tunnel, the sensor is rotated around the y-axis, orthogonal
to the wind flow, and the output of each axis is plotted.
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Fig. 25. Example of wind-velocity detection characteristics.

These plots are generally sine- and cosine-types, as ex-
pected; the irregular plots of the z-axis output near 90◦
seem attributable to the printed circuit board to draw out
the wiring. The error in the measurement of 3 m/s wind is
about 0.4 m/s (RMSE).

3.5. Devices to Measure Differential Pressure Be-
tween Cavities and External Environment

The external pressure, with reference to the pressure
on the cavities, can be measured by arranging the cavi-
ties below the piezo-resistive cantilevers. Previous stud-
ies applying the above-mentioned method include stud-
ies on high-sensitivity air-pressure sensors [30, 31], a
study on absolute pressure sensors with the cantilever gap
sealed with liquid [32], and a study on underwater micro-
phones [33].

It is difficult to enhance the sensitivity of general air-
pressure sensors because they use diaphragms and sealed-
type cavities. In References [30] and [31] air-pressure
sensors using cantilevers and unsealed cavities are pro-
posed in order to achieve high-sensitivity sensors. Fig. 26
shows the structure of the proposed air-pressure sensor:
there are cavities arranged below the cantilevers using dif-
ferential pressure sensors. The air gap between the can-
tilever and the surroundings is 1.7 μm. Any difference in
air pressure between the cavity’s inside and outside will
generate airflow into and out of the cavities, and such air-
flows are measured with the cantilevers. Once the airflows
are generated, any difference in air pressure between the
cavity’s inside and outside is eliminated, and the sensor’s
output becomes zero. In other words, the proposed air-
pressure sensor outputs changes in air pressure, or val-
ues proportional to the derivatives of such air-pressure
changes.

Figure 27 shows the waveforms detected when the air-
pressure sensor is walked down the eleven-step stairs: the
amplitude of the waveforms is about 1500 μεp−p. Fig. 27
(bottom) shows the integrated waveforms, from which we
can see that the eleven stair steps, each 18 cm high, are
accurately reproduced.

Figure 28 shows the sensor enabled to detect absolute
air pressure by sealing the cantilever’s gap with liquid to

a) Air leakage through the air-gap of the cantilever.

b) When barometric pressure increases �P = P1 −P0.

Source: [30]

Fig. 26. Air-pressure detecting sensor with cantilevers and
cavities [30].

Fig. 27. Waveforms detected with sensor walking down stairs.

prevent air from flowing into and out of the gap [32]. This
sensor, placed in water, can work as an underwater micro-
phone [33].

3.6. Devices with Cantilevers Arranged on a Liquid
Interface

Device with piezo-cantilevers arranged on an interface
between liquid and air, where the cantilever’s motion fol-
lows that of the liquid interface, can detect waves on the
liquid interface or on the liquid surface. As a cantilever’s
sensitivity to frequencies higher than its natural frequency
decreases in air, it cannot extend its detectable frequency
band very far. However, a device with piezo-resistive
cantilevers arranged on a liquid interface, where the can-
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Fig. 28. Absolute air-pressure detecting sensor.

Source: [36]

Fig. 29. Structure of wide-band force sensor [36].

tilevers are deformed following the waves on the liquid
surface, can extend its detectable frequency band to fre-
quencies much higher than its natural frequency in air. As
the latter device detects vibrations via liquid, it can easily
interface with any objects to be measured.

Previous studies on measurements using the above-
mentioned principle include measurements of muscle
sounds [34] and a study on pulse wave propagation [35].
Previous studies using the above-mentioned wide-band
detection characteristics include a study on wide-band
force sensors [36] and wide-band musclesound sen-
sors [37]. Current studies using the wide-band charac-
teristics of device with double-supported beams instead
of cantilevers arranged on the interface include: a study
on acoustic emission (AE) sensors [38] and a study on
measurements of elastic waves with AE sensors [39].

Figure 29 shows the structure of the wide-band force
sensor [36]. A liquid is placed on the piezo-resistive
cantilever, and the liquid is sealed by directly vapor-
depositing Parylene on it. Forces and vibrations are prop-
agated to the cantilever via the multi-layer structure. The
four detection units are to detect not only forces in the
pressure direction, but also those in the shearing direction
by taking the differences between the detection units. De-
spite a gap of 2 μm between the cantilever’s surroundings
and the side wall, the liquid never leaks through the gap.
Fig. 30 shows a photo of the prototyped sensor. The load
testing proves that the sensor has a high linearity in the
range of 40 kPa in the pressure direction and 30 kPa in

 
Source: [36]

Fig. 30. Photo of prototyped wide-band force sensor [36].

Source: [36]

Fig. 31. Frequency characteristics of wide-band force sen-
sor [36].

the shearing direction. Fig. 31 shows the response char-
acteristics of the wide-band sensor when it is vibrated in
the pressure direction. We can see from Fig. 31 that with
a resonance peak appearing at 170 kHz, the sensor can
detect frequencies up to 1 MHz or more.

The study on AE sensors [38] makes use of the wide-
band force sensor’s capability of detecting higher frequen-
cies. When cracks progress in concrete or steel materi-
als, ultrasonic vibrations, called acoustic emissions, oc-
cur. Such ultrasonic vibrations have a peak at 50 kHz
in concrete and at 200 kHz in steel materials. Fig. 32
shows the AE sensor’s structure. Although its detection
part is located on the liquid interface, in the same manner
as other types of force sensors, it uses a double-supported
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Source: [38]

Fig. 32. Structure of acoustic emission (AE) sensor [38].

beam instead of a cantilever to ensure that in no event
should the liquid leak. A study to monitor infrastructures
with AE sensors is now underway [39].

4. Conclusions

We have proposed a large number of sensor devices
that use piezo-resistive cantilevers. The proposed sensor
devices have force resolutions of around 10 pN by us-
ing cantilevers as thin as 300 nm. Applying the above-
mentioned piezo-resistive cantilevers, we have engaged
in researching and developing the following devices and
sensors: a device to measure object-contacting forces, a
tactile sensor embedded into an elastic body, a particle
sensor to measure air flow, an ultrasonic microphone, a
differential pressure sensor to measure the pressure acting
on wings, a sensor to measure differential pressure be-
tween cavities and external environment, and a wide-band
sensor with cantilevers arranged on a liquid interface. We
hope that piezo-resistive cantilevers will find increasingly
wider applications in future.
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