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Abstract. A piezoelectric cantilever type sensor for locating the precise weak-impact or touch position on a plate is presented in
this paper. Since the importance of human-computer interface such as a touch panel system has been rapidly increasing recently,
this study could suggest an appropriate sensor for the detection of a weak-impact point effectively and accurately for such a
system. This sensor detects the out-of-plane vibration of a panel when a touch with a finger or pen is applied on it. The sensor is
made with a steel beam and a single crystal PMN-PT patch is bonded on the beam, which is designed to detect the base vibration
of the panel. The sensor was designed, manufactured to verify the detect ability of a weak-impact and attached on two different
plates of a glass of 400 × 400 × 4 mm and a wooden MDF of 600 × 600 × 9 mm. The experiment result of the sensor was
compared with that of an accelerometer which can also be used for the same purpose and shows clear weak-impact responses
with a narrow-band property at its resonant frequency. It is expected that the cantilever type sensor in this study could be applied
to make a simple flat plate into a touch panel when the time difference of arrivals method is used to locate the weak-impact point.
Keywords: Piezoelectric cantilever sensor, weak-impact locating, wave dispersion, narrow-band response, time difference of
arrivals

1. Introduction
Touch panels have been essential input devices for various computer systems. Various human-computer
interface technologies, such as the optical method, electrostatic capacitive method, ultrasonic method, resistive
membrane method, and so on, are available commercially in order to implement touch panels [1]. By the way, the
above methods require high costs although they could provide quick responses and exact touch positions on
panels [1].
In this paper, a cantilever type beam with a piezoelectric patch is considered to implement a new weak-impact or
touch detection sensor. The cantilever sensor can be installed on a simple flat and thin plate, such as a commercial
white board in order to make it into a touch panel. Since a vibration occurs during impacting weakly or touching on
such a plate with a tool like a pencil, those sensors based on detecting vibration may be used to implement a touch
panel. Hence the sensor needs to effectively detect a weak-impact or touch imposed on the plate. The weak-impact
in this study represents a relatively very small magnitude impact which is similar to a touch with a tool like a pen on
a plate.
Since a piezoelectric transducer bonded on a vibrating structure is a strain-integrating element, its output has a
relationship with the flexural motion of the structure [2]. Because of this reason, a number of researchers have
studied many sensors based on piezoelectric transducers in order to apply on beams and plates. Lee and O’Sullivan
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suggested a piezoelectric strain rate gauges by arranging piezoelectric rectangular patches [3]. Distributed piezo
sensors covering a large area of a structure have been also investigated because their spatial shaping enables piezo
sensors to measure specific physical quantities without complex post-processing [4−6]. Some of these are the
uniformly distributed sensor for gradient sensing [4], quadratically shaped sensor for volume velocity sensing [5],
and triangularly shaped sensor for tip position sensing [6]. These examples are coupled sensors responding to all the
structural modes of a system, which can be distinguished from the modal sensors, in which the modal sensors respond only to a specific vibration mode [4]. Cantilever type piezo sensors are also studied theoretically and experimentally for various purposes, for example the sensor effect of piezoelectric benders [7], chemical and biomedical detection [8] and the sensing effects of piezoelectric multimorph cantilevers [9].
Basically accelerometers for measuring plate vibration, microphones for detecting impact sound, or ultrasonic
sensors for catching air-transmitted ultrasound are commercially available sensors to implement a locating sensor
system for a touch panel. Although these sensors are different from each other, they can detect a weak-impact or
touch on a plate [10].
The cantilever sensor in this study consists of a small steel cantilever beam and a piezoelectric patch which is
bonded on the beam. The sensor will be attached on a flat and thin plate. When the plate vibrates due to a
weak-impact or touch imposed on it, the sensor will detect the vibration as a base vibration if the sensor is attached
on the plate firmly enough [10,11]. Then the piezo patch on the sensor will generate an electric charge output which
is proportional to the plate vibration as well as beam vibration [10−13]. Thus the cantilever piezoelectric sensor can
be used as an alternative sensor to detect a weak-impact or touch. A locating sensor system using an array of those
sensors can be applied for implementing a new touch panel effectively when the time difference of arrivals (TDOA)
approach is applied [14,15]. It is well-known that the TDOA approach has been used in many applications such as
SONAR and RADAR for location identification of objects. So this cantilever sensor concept in this paper is a
fundamental study to implement a touch locating sensor for transforming a commercial thin plate into a touch panel.
Background for the cantilever sensor concept is investigated in Section 2. The sensor design is described in
Section 3 and the response of the sensor is also discussed theoretically. In Section 4, manufacture, experimental
results, and analysis are presented with actual measured data. Finally conclusions of this study are written in
Section 5.

2. Concept of cantilever sensor approach
As illustrated in Fig. 1, a vibration wave is generated by a touch or weak-impact on a plate where three relevant
sensors are installed on the plate at predefined locations with D and d. For this purpose, a commercial accelerometer
could be one of good sensors because it is a representative sensor for vibration detection and gives a broadband
property below its fundamental natural frequency [10]. The touch point (x, y) can be calculated if the vibration wave
propagation velocity and the time difference of the wave arrivals at the three sensors are known [14,15]. Some
references suggest specific equations to estimate the weak-impact point precisely, in which the flexural wave
propagation velocity c of a plate and the arrival time differences t12 = t1 − t2, t13 = t1 − t3, and t23 = t2 − t3 are
critical factors for precise pointing [14,15]. The time differences t12, t13, and t23 are usually calculated with the
cross-correlation function.
If a piezo patch is directly bonded on a vibrating thin plate due to a weak-impact or touch, the piezo patch will
detect various vibration waves, such as the in-plane longitudinal, out-of-plane flexural, and transverse shear
waves [16,17]. It indicates that the electric signal from the directly-bonded piezo patch contains the dispersive wave
motions like the out-of-plane flexural motion, in which the wave velocity on a plate varies with frequency [13] as
expressed with the following equation for the phase velocity of the flexural motion against frequency [16].

cb  1/2 ( D / m)1/4

(1)

where m is the mass per unit area of the plate and the bending stiffness, D  Eh3p / 12(1   2 ) in which E, hp and 
are Young’s modulus, the plate thickness and the Poisson’s ratio respectively. Thus, since it is known that a piezo
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Fig. 1. Principle of locating a touch point using the TDOA approach
with sensors on a plate.
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Fig. 2. Required narrow-band property for the cantilever type sensor.

patch can detect vibration waves in a very wide frequency range [13], the dispersive component in the piezo output
signal makes the determination of the constant wave velocity, which is critically important to locate the touch position by the TDOA method, very difficult.
Because of the above reason, the cantilever beam sensor concept is considered in this study. In order to offer a
constant wave velocity, the frequency response of the sensor is necessary to have a narrow band property as
illustrated in Fig. 2. By the way, the accelerometer gives a broadband property below its fundamental natural
frequency [12] as plotted in Fig. 2. The electric signal from the piezo patch bonded on a cantilever beam provides the
narrow band property at the resonance frequencies of the cantilever beam. The plate, in which the cantilever type
sensor is installed, will be exposed to an inertial force when it experiences the out-of-plane flexural motion by a
weak-impact or touch. Then the cantilever on the plate will vibrate out-of-plane especially at the resonant
frequencies of the beam itself. As the cantilever has the largest bending vibration motion at its fundamental natural
frequency, the piezo patch, which is bonded on the cantilever, can generate the electrical signal corresponding to the
cantilever motion.
The frequency response of the cantilever beam installed on the plate works as a mechanical filter to pass only the
flexural wave very sensitively, which is the transmitted one among the various waves from the vibrating plate. The
piezo patch on the beam generates the corresponding electric signal while the cantilever type sensor can achieve the
narrow band property at the first resonant mode of the cantilever beam and allows offering a constant bending wave
velocity for the TDOA method.

3. Cantilever type sensor design
3.1. Fundamental natural frequencies of cantilever sensor
As shown in Fig. 3, a cantilever type sensor which is made with a steel cantilever beam (length × width ×
thickness = Lb ×B ×tb) and a piezoelectric transducer (Lp × B ×tp) is attached on a plate. If a weak-impact by a pen
is applied at a point on the plate, the plate vibration will be transmitted as a base vibration to the cantilever sensor.
The fundamental natural frequency of the cantilever type sensor can be calculated as the following [18]:
fn 

kn2
2 L4b

Eb I e
mb

(2)

where Lb is the beam length, mb is the mass per unit length of the beam, Eb is Young’s modulus, Ie is the second
moment of the beam section and kn are 1.8751, 4.6941, 7.8548, 10.9955 and 14.1372 when n = 1 to 5 respectively,
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Fig. 3. Design of a cantilever beam sensor with a piezoelectric transducer.

and (2n − 1) *  / 2 if n is greater than 5. Figure 4 shows the estimated fundamental natural frequencies of the cantilever sensor when the thickness of the piezo transducer is tp = 0.3 mm but the thickness and the length of the steel
beam are varied as tb = 0.1−1.0 mm and Lb = 10.0−20.0 mm respectively. Since the Euler-Bernoulli beam model was
used, the variation of the beam width was not considered. As shown in Fig. 4, the fundamental natural frequencies
can be chosen between f1 = 500−9,000 Hz with the various dimensions.
3.2. Response of cantilever sensor
It is well-known that a piezo transducer can generate an electrical charge output proportional to the strain of the
piezo itself [13]. The strain of the piezo patch, which is bonded on the cantilever beam when pure flexural motion is
applied, has a relationship with the beam flexural displacement [6]. Thus the electric charge output of the piezo patch
can be expressed as [6,13]
Lb

q  t   e31hB  S  x 
0

d 2w
dx
dx 2

(3)

where e31 is a piezoelectric constant, B is the beam width which is equivalent to the piezo width, the distance between
the neutral axes of the beam and the piezo patch h  (tb  t p ) / 2 , and S(x) is a shape function of the piezo. In this case
S(x) = 1, because the piezo patch shape is exactly equal to that of the beam.
The flexural out-of-plane displacement of the cantilever beam w can be defined using the modal summation
method as [18]


w   An (t )n ( x)

(4)

n 1

where An (t ) is the modal amplitude and n ( x) is the mode shape function. After some manipulation, Eq. (4) can be
expressed, by using S ( x)  1 as the following [6]:


q(t )  e31hB An (t ) 
n 1

Lb

0

d 2n ( x)
dx
dx 2

(5)

If the flexural out-of-plane displacement of the plate, where the cantilever sensor is attached on, is symbolized as
z (t ) , then the inertial force exerted to the cantilever beam due to the plate vibration is m( x) z (t ) , where m( x) is the
beam mass per unit length [11]. The (-) sign indicates that the beam flexural motion w(t) is out-of-phase with the plate
flexural motion z(t). Thus the modal amplitude An (t ) of the cantilever beam caused by the inertial force can be expressed with
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Fig. 4. Estimation of fundamental natural frequencies of a cantilever beam with a piezo transducer.
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Fig. 5. Frequency response function of a cantilever sensor below
50,000 Hz.

Lb

  m( x)z (t )n ( x)dx
0

2
n 1 M n [(n

(6)

  2 )  j 2 nn ]

where  n is the damping ratio and m( x)  mo   A is the mass per unit length of the beam. Thus the frequency response of the sensor charge output against the inertial motion (acceleration) of the plate base vibration can be defined by
the following:
Lb

mo [n ( Lb )  n (0)] n ( x)dx
q(t )
0
G( j ) 
 e31hB
2
2
z (t )
M
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j
2
 nn ]
n 1
n
n


(7)

Thus the theoretical frequency response function of the output signal from the cantilever sensor against the plate
base vibration can be plotted as shown in Fig. 5, using the above equations when Lb ×B ×tb = 15 ×14 ×0.3 mm and Lp
× B ×tp = 15 ×14 ×0.3 mm. The physical dimensions and mechanical properties of the cantilever beam and the piezo
transducer are summarized in Table 1.
Table 1
Dimensions and properties of the cantilever beam the piezo transducer
Dimension

Remarks

Beam

15  14  0.3 mm

Steel Lb  B  tb

Piezosensor

15  14  0.3 mm

Lp  B  t p

n

0.05

Damping ratio (5 %)

0.3 mm

Distance between neutral axes of beam and piezosensor

mo

0.0647

Mass per unit length

Mn

9.7020 * 10−4

Modal mass

h  (t p  tb ) / 2

Figure 5 shows the frequency response function of the designed cantilever sensor as the 1st, 2nd, and 3rd natural
frequencies are about 1,500 Hz, 10,000 Hz, and 27,500 Hz respectively. The 1st natural frequency of the cantilever
sensor at 1,600 Hz is the same frequency as plotted in Fig. 4. The cantilever sensor is designed to have a highly
sensitive response only around the 1st resonant frequency and this response will give a narrowband property to offer
a constant bending wave velocity.
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As shown in Fig. 5, the phase response below the fundamental natural frequency is 180 degrees different
(out-of-phase) against the base vibration input. This indicates the cantilever sensor oscillates to the opposite
direction against the base vibration input below the 1st resonant frequency of the beam. But the phase response
between the 1st and 2nd natural frequencies is in-phase. It is noted that a phase drop of 180 degrees occurs
continuously at every resonance since the cantilever sensor motion is governed by the base vibration.

4. Manufacturing and weak-impact test results
4.1. Manufacturing of cantilever sensor
A cantilever type sensor with a piezoelectric transducer was designed in section 3 and then it was manufactured
as shown in Fig. 6. The sensor was made with a rectangular cantilever beam (steel, Lb  B  tb = 15 ×14 ×0.3 mm),
a circular foundation (steel, ϕ25 × 0.3 mm thick), a support (steel, 25 × 5 × 1 mm thick) and a piezo transducer.
Especially the piezo transducer is a single crystal PMN-PT (piezoelectric magnesium niobate − lead titanate, made by
Ibule Photonics Co.) rectangular patch ( Lp  B  t p = 15 × 14 × 0.3 mm), and it was bonded on the beam as illustrated in Fig. 6. Generally the PMN-PT element has higher piezoelectric constants and more expensive than a piezoceramic PZT (piezoelectric zirconate titanate). The support was designed to maintain the interval of 1 mm between the beam and the foundation.
The output of these piezo sensor will just be used for calculating the cross-correlation function to locate the
touch point on the plate. So a precise calibration of the sensor does not need for this application.
4.2. Weak-impact test set-up
The manufactured cantilever sensor was attached on a glass plate (400 × 400 × 4 mm) and an MDF plate (600 ×
600 × 9 mm) respectively as shown in Fig. 7. The dimension and mechanical properties of the two plates are

(a)

(b)

Fig. 6. A cantilever type sensor for a weak-impact or touch locating: (a) Schematic of the cantilever sensor with a PMN-PT transducer;
(b) Manufactured cantilever sensor.
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Fig. 7. Weak-impact response tests on a glass plate (Left) and an MDF plate (Right).

presented in Table 2. A PCB Piezotronics 352C66 accelerometer (resonance frequency = 40 kHz) was attached
together with the cantilever sensor to compare their weak-impact responses. In contrast, cantilever sensor detects the
beam vibration which is the mechanically filtered plate base vibration. Due to the weak-impact on the plate itself,
the accelerometer detects just the plate vibration.
Table 2
Properties of the glass and the MDF plates
Glass plate

MDF plate

Dimension Lx  Ly  hp

400  400  4 mm

600  600  9 mm

Density 
Young’s modulus E
Poisson’s ratio v
Mass per unit area m   hp
Bending stiffness per
Unit width

2.4  103 kg/m3
6.0  1010 N/m2
0.24

6.5  102 kg/m3
4.6  109 N/m2
0.30

9.60 kg/m2

5.85 kg/m2

339.56 Nm

307.08 Nm

D  Eh3p / 12  1  v2 

Each plate was supported by four rubbers at every corner in order to isolate the plates from ambient vibration or
shocks. Some circles were drawn on both plates as shown in Fig. 7 and the two sensors (cantilever sensor and
accelerometer) were positioned on the circle outline with the radius of R = 15 cm. Weak-impacts were imposed on
the center of the circles (P1 point), 7 cm to the cantilever sensor from the center (P2 point), and 5 cm to the
accelerometer from the center (P3 point) respectively as illustrated in Fig. 8. In the test, the weak-impact was
defined as a drop of a mechanical pencil with its sharp end at 3 cm height.
As shown in Fig. 8, the output signal from the cantilever sensor was measured by an Endevco charge amplifier
model 133, an NI 9223 board, and an NI cRio-9004. In the charge amplifier, a bandpass filter was used with the
lower and higher cutoff frequencies of 10 Hz and 10 kHz respectively. The accelerometer signal was amplified
through a 442B104 PCB signal conditioner. The three sensor signals were then post-processed at a PC. The
sampling frequency of the experiment was set to 50,000 Hz.
4.3. Weak-impact test results and discussions
Weak-impact response tests for the cantilever sensor and the accelerometer on the two different plates have been
accomplished one by one. Figure 9 for the glass plate and Fig. 10 for the MDF plate show normalized measured
responses for the sensors when a weak-impact is applied on the center of the circle (P1).
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Fig. 8. Measurement set-up for tests of the sensor.

Figures 9a and 9b show the time and the time-frequency responses of the accelerometer and the cantilever sensor
respectively on the glass plate, which were measured just after the weak-impact. However, the two time responses
look quite different from each other in terms of their signal wave forms and ringing durations. The reflected waves
are observed from the two time signals because of the limited size of the glass plate. The signal from the cantilever
sensor in Fig. 9b looks that a strong tonal component is involved. However, the signal from the accelerometer shows
a broadband property as can be seen from Fig. 9a.
Also it can be explained with the normalized power spectral density (PSD) functions, which are plotted in
Fig. 9c, below 10,000 Hz of the measured sensor responses on the glass plate. For the cantilever sensor, only one
resonance at about 1,300 Hz is observed and this is the tonal component which is shown in the time response as a
ringing signal. However, the two largest resonant modes of the accelerometer response are measured at about
1,300 Hz and 2,300 Hz respectively, which are specific vibration modes of the glass plate, and generally the PSD
magnitude of the accelerometer response is larger than that of the cantilever sensor response over the frequency
range between 0−10,000 Hz because the accelerometer is a broadband type below its fundamental natural frequency
at 40 kHz but the cantilever sensor is a narrowband one. Thus the signal energy of the cantilever sensor is
concentrated mostly on the largest resonant mode, and this explains why the time response has a strong tonal
component. The time-frequency response in Fig. 9b explains this fact too.
Also it is known the quality factor Q shows the sharpness of a resonance peak and is a good estimator to predict the decay
rate in time responses. So the higher Q gives a narrower band property, which is an important element for the cantilever sensor
to locate impact points more precisely. It can be defined as [11]
Q

fo
f 2  f1

(8)

where f o , f1 , and f 2 are the resonance frequency, the lower half-power frequency and the upper half-power frequency of the
first resonant frequency. From Fig. 9c, the Q factor at the resonance from the PSD of the cantilever sensor on the glass plate is
Q = 1.233.

For the MDF plate, the weak-impact responses of the two sensors are plotted in Fig. 10. Since the MDF plate is
less rigid and its dimension is larger than the glass plate, the time and time-frequency responses in Figs 10a and 10b
respectively show that a strong tonal component is clearly observed by both sensors. Also the time responses show
that the bending wave velocity at the MDF plate is lowered and this makes a reduced number of reflected waves in
the same time span than the glass plate.
The PSDs of the both sensor responses in Fig. 10c demonstrate the only eminent resonance is measured at the
low frequency of about 1,000 Hz. The PSD of the accelerometer response is dramatically changed compared to the
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(a)

(a)

(b)

(b)

(c)

(c)

Fig. 9. Measured weak-impact responses of the two sensors on the
glass plate. (a) Time and time-frequency responses of the
accelerometer. (b) Time and time-frequency responses of the
cantilever sensor. (c) PSD functions.

Fig. 10. Measured weak-impact responses of the two sensors on the
MDF plate. (a) Time and time-frequency responses of the
accelerometer. (b) Time and time-frequency responses of the
cantilever sensor. (c) PSD functions.

one measured at the glass plate as it can be seen from Fig. 9c, but the PSD of the cantilever sensor response at the
MDF plate is quite similar to the one at the glass plate.
From Fig. 10c, the Q factor at the resonance from the PSD of the cantilever sensor on the MDF plate is Q = 0.981, which is
smaller than that of the glass plate. Thus the reduced value of the Q factor for the MDF plate represents that the MDF plate has
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(a)

(a)

(b)

(b)

Fig. 11. Comparison of the PSDs of the measured weak-impact
responses at 3 different locations P1, P2 and P3 on the glass plate.
(a) Accelerometer. (b) Cantilever sensor.

Fig. 12. Comparison of the PSDs of the measured weak-impact
responses at 3 different locations P1, P2 and P3 on the MDF plate.
(a) Accelerometer. (b) Cantilever sensor.

more damping than the glass plate.

Hence, the weak-impact responses with the two sensors on the two different plates indicate that the cantilever
sensor can provide much more constant outputs against the weak-impact than the accelerometer. The power spectral
distribution of the cantilever sensor response is concentrated on a specific frequency range around 1,000 Hz whether
the plate is an MDF or a glass, while that of the accelerometer response depends upon the plate dimension and
material as can be seen from Figs 9c and 10c.
Figures 11 and 12 show the normalized PSD functions of measured responses of each sensor when the weakimpact locations vary as P1 (the center of the circle R = 15 cm), P2 (7 cm left from P1) and P3 (5 cm right from P1),
which are defined in Fig. 8. From these 3 different weak-impact locations, it is verified from Figs 11b and 12b that
the cantilever sensor can provide a constant narrow-band response around 1,300 Hz at the glass plate or 1,000 Hz at
the MDF plate whether the location is P1, P2 or P3. By the way, the accelerometer gives completely different
frequency responses when the plate dimension and material vary as shown in Figs 11a and 12a. Thus the newly
developed cantilever type sensor is more relevant to offer the narrow-band property for locating a weak-impact
point using the TDOA approach. So it is proved experimentally that the cantilever type sensor responds consistently
only to a specific narrow-band base vibration regardless of impact locations and the dimension and material of a
plate.
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From the above experiment results, since the flexural wave velocity of a plate due to a weak-impact on a plate is
dispersive, the mechanical narrow band-pass filtering of the cantilever sensor against the weak-impact on the plate
allows the wave velocity constant. Thus in terms of the wave velocity, the cantilever sensor provides much better
and more constant responses than the accelerometer.
In addition, this could be interpreted, especially for the rigid thin plates such as a glass or steel, that the cantilever
sensor maybe more suitable to implement a large area touch panel. This is because the cantilever sensor is sensitive
at detecting a lower frequency response as a long wavelength flexural wave can be propagated even longer on plates
with less damping. Furthermore the design concept of the cantilever type piezoelectric sensor can allow designing
the variation of the narrow-band by adjusting the fundamental natural frequencies of the cantilever beam.

5. Conclusions
A newly developed piezoelectric cantilever sensor to locate a weak-impact point on the two different plates of a
glass and an MDF was presented, which is suitable for implementing a touch panel with the TDOA approach. Since
this approach requires a constant flexural wave velocity for precise locating on the plate, the sensor was designed as
a cantilever type to provide a narrow-band in order to overcome the dispersion property of the flexural vibration
wave on the plate. Then the sensor was manufactured with a steel beam and a single crystal PMN-PT transducer.
Then the sensor was attached on the plates and tested together with a commercial accelerometer.
The test results indicate that the cantilever sensor can provide a mechanical band-pass filtering regardless of the
dimension and the material of the plate. It was proved that the cantilever sensor responses on the both plates showed
a tonal component was strongly involved when the weak-impacts were imposed on the plates. However the
accelerometer responses, which were also attached on the plates, gave a narrow-band property only on the MDF
plate but showed a broadband property on the glass.
Thus, this could be interpreted, especially for the rigid thin plates such as a glass or steel, that the cantilever
sensor maybe more suitable to implement a large area touch panel. This is because the cantilever sensor is sensitive
at detecting a lower frequency response as a long wavelength flexural wave can be propagated even longer on plates
with less damping. Furthermore the design concept of the cantilever type piezoelectric sensor can allow designing
the variation of the narrow-band by adjusting the fundamental natural frequencies of the cantilever beam.
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