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 We report on the evaluation and measurement of a MEMS tactile sensor designed to mimic 
the temporal feature detection of human tactile sensation. The proposed sensor consists of a 
strain-resistive gauge and a piezoelectric thin-film capacitor on a microcantilever embedded in 
an elastomer. The cantilever is deflected by a force, which is detected simultaneously by the two 
separate sensing elements: the strain gauge and the piezoelectric thin film (piezoelectric sensor). 
The DC resistance change of the strain gauge is detected in time synchrony with the applied 
force. On the other hand, the piezoelectric sensor outputs a voltage owing to the formation of a 
polarized charge in response to the time variation of the applied force, and thus shows a time 
response different from that of the strain gauge. These could potentially reproduce the time-
responsive nature of the human tactile function, which has receptive fields with different 
stimulus adaptation speeds. In this work, we demonstrated that different time response patterns 
can be obtained from each sensing element for the application of a single force or vibration. 

1. Introduction

 The current situation is that technologies for reproducing tactile sensations are not as 
widespread as those for visual and auditory sensations. In recent years, there has been much 
research on technologies to reproduce the sense of touch.(1–8) Haptics is needed in the fields of 
robotics and virtual reality, and is expected to develop further in the future.(9) Currently popular 
technologies for reproducing images and sounds require much arithmetic processing to 
reproduce realistic information at high resolutions, and thus require high-performance hardware. 
Unlike vision and hearing, the human sense of touch is a sensory organ that is not localized but 
distributed over the entire body surface(10), so the amount of information handled is large. 
Therefore, the number of sensor devices and the amount of information to be handled in the 
tactile reproduction technology are expected to become even more enormous. If a robot were to 
be equipped with a tactile perception mechanism like a human, the amount of wiring would be 
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so large that it would generate heat, which could lead to a breakdown in terms of implementability 
and information processing. To alleviate the problems of information volume collapse and 
energy consumption, it is necessary to devise ways to reduce the volume of tactile information 
handled in integrated processing. For this purpose, information processing at terminals (so-
called “edge computing”(11)) is considered effective. 
 The tactile information that humans sense includes not only information such as the 
magnitude of force and temperature, but also temporal information such as their periodic change 
and change rate. The human skin is equipped with multiple tactile receptors with different 
temporal responses, which are classified into fast-adaptive (FA) and slow-adaptive (SA) 
receptors on the basis of their adaptation speed.(12) When humans recognize tactile information, 
they distinguish the temporal characteristics of the stimuli applied to the skin as a result of the 
differences in the adaptation and frequency sensitivity of these receptors.(13) These temporal 
characteristics of tactile information are necessary for the recognition of object texture and 
contact state. To handle such information, the data acquired by a tactile sensor requires 
preliminary processes, such as Fourier and wavelet analyses, which are often performed on 
software. We propose a tactile sensor in which the information input to the sensor is processed 
and output only by the sensor element by adjusting the output characteristics of the sensor 
similarly to a color filter in an image sensor. Figure 1 shows conventional tactile recognition and 
that to be achieved by the proposed sensor. By using such tactile sensors, it is possible to reduce 
the cost of subsequent information integration processing and realize an edge-processing–based 
model. In this study, we developed a MEMS tactile sensor that provides an electrical analog 
output with identified temporal features of tactile information, for the task of human tactile 
texture recognition. 
 We are working on the development of haptic sensors using MEMS technologies, which are 
easy to implement in devices.(14–24) In the sensor developed in this research, a DC strain resistor 

Fig. 1. Conventional and proposed tactile recognition tasks
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(gauge) and a piezoelectric capacitor (piezoelectric sensor) are combined with a single 
microcantilever, which is the force detector of the MEMS tactile sensor developed in our 
previous works. These sensing elements have different time response characteristics to the 
applied tactile stimulus. This results in an analog output from the sensor in a form that reflects 
the temporal characteristics of the contact. In this paper, we describe how different temporal 
response patterns are obtained from each sensing element for a single applied force or vibration. 

2. Materials and Methods

2.1 Sensor structure
 
 Figure 2 shows (a) the overall view of the tactile sensor fabricated in this work, (b) a 
photograph of the sensor chip, and (c) an SEM image of the microcantilever. The sensor chip is 
5.5 mm2 and has microcantilevers on its surface that serve as the force detector. The 
microcantilevers are embedded in a polydimethylsiloxane (PDMS) elastomer. Figure 2(d) shows 
the cantilevers arranged in a circular pattern with three cantilevers at intervals of 120° to detect 
the direction of the shear load. We investigated the relationship between the size and shape of the 
cantilever and the sensitivity of the sensor, as well as the ability of the annular arrangement of 

Fig. 2. (Color online) Photographs of (a) tactile sensor with PDMS bump mounted on PCB, (b) sensor chip with 
cantilevers, (c) SEM image of cantilever, and (d) cantilever arrangement on the chip.  
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the cantilevers to detect the direction of loading (14,24). Figure 3 shows schematic diagrams of the 
top and cross-sectional views of the cantilever structure. The microcantilevers were fabricated 
on a Si-on-insulator (SOI) wafer using a bulk micromachining process. The sensing element on 
the cantilever consists of two parts: a wiring electrode and strain gauge made of Au and NiCr, 
and a capacitor structure consisting of a top electrode, piezoelectric part, and bottom electrode 
made of Pt, PZT, and Pt, respectively. A thermal dioxide (SiO2) film was formed for the electrical 
insulation of the Si active layer forming the cantilever and the metal wiring. A polyimide film 
was also formed for the electrical insulation of the capacitor electrodes and strain gauges. The 
microcantilevers were spin-coated with PDMS and then covered with a hemispherical PDMS 
bump.

2.2 Detection principle

 Figure 4 shows a schematic of the deformation behavior of the PDMS elastomer and 
cantilever when a normal force is applied to the sensor. The application of a normal force causes 
the PDMS elastomer to deform by sinking. This causes the cantilever to bend downward, leading 
to an increase in strain gauge resistance.

Fig. 3. (Color online) Schematic diagrams of the cantilever structure.

Fig. 4. (Color online) Schematic of the behavior of the elastomer and cantilever.  
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 The change in surface strain caused by the deformation of the cantilever changes the 
electrical resistance of the strain gauge. From the change in the electrical resistance of the strain 
gauge, the external force applied to the sensor through the elastomer can be determined. The rate 
of change in the resistance ΔR/R of a strain gauge is given by

 s
R K

R
ε∆

= ⋅ , (1)

where Ks is the gauge factor of the strain gauge material (NiCr) and ε is the strain. For example, 
if a strain gauge is subjected to tensile strain, the rate of resistance change, ΔR/R, will also be 
positive because the strain ε is positive. 
 The change in strain associated with the deformation of the cantilever also deforms the 
piezoelectric material. When the piezoelectric material is deformed, a polarization charge is 
formed on the surface of the piezoelectric material as a result of the application of force, which 
in turn creates a polarization potential inside. This creates a voltage between the top and bottom 
electrodes of the piezoelectric material. The output charge density D of the piezoelectric sensor 
is given by the piezoelectric equation, using the piezoelectric constant d, the applied stress T, the 
electric field E, and the dielectric constant ε: 

 D dT Eε= + . (2)

 Since the current density I due to the voltage between the electrodes is the time-derivative 
component of the charge density, the voltage output that can be measured is the time-derivative 
component of the applied force. 

 dD dT dEI e
dt dt dt

ε= = +  (3)

2.3 Sensor evaluation methods

 A schematic of the experimental system used to measure the response to forces is shown in 
Fig. 5. In this experiment, a 3-axis motorized stage (Sigma Koki) was used to fix and move the 
sensor, and a 6-axis force sensor (SFS0036, Leptrino) was used to measure the applied normal 
force for reference. A digital multimeter (7481, ADC Corporation) was used to measure the 
electrical resistance of the strain gauge, and a digital lock-in amplifier (LI5650, NF Corporation) 
and an oscilloscope (RTM3000, Rohde & Schwarz) were used to measure the output of the 
piezoelectric sensor. This measurement system was used to measure the response of the sensor 
to the input mechanical deformation as the magnitude of the load and the thrust speed were 
varied. A 10-mm-diameter acrylic cylindrical indenter with a smooth surface that is sufficiently 
harder than the elastomer was used to apply the force. A schematic of the experimental system 
for measuring the sensor response to vibration is shown in Fig. 6. Vibration was applied by 
pushing in with an accelerometer attached to the vibration excitor (PET-0A, IMV). The output of 
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the strain gauge was measured using a Wheatstone bridge circuit inside the data logger (NR-
600, Keyence), and the output voltage was measured using a strain gauge measurement unit 
(NR-ST04, Keyence). The output of the piezoelectric sensor was measured using a digital lock-in 
amplifier and an oscilloscope, as in the experimental system shown in Fig. 5. To confirm the 

Fig. 5. (Color online) Schematic of the experimental setup for measuring the response to force.

Fig. 6. (Color online) Schematic of the experimental setup for measuring the response to a vibration.
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phase difference between the input and output with the sensor output, the displacement of the 
applied vibration was measured using an accelerometer (PV-85, Rion or ADXL 335, Analog 
Devices). The sensor was secured to the fixture by mounting it with screws using a fixture base 
made of polyoxymethylene (POM) resin with a sufficient hardness. 

3. Results and Discussion

3.1 Transient response to normal force

 Figure 7 shows the relationship between (a) the applied normal force and (b) the strain gauge 
resistance and (c) the output voltage of the piezoelectric sensor as functions of time, when a 
normal force of 1 N was applied to the sensor and then released. In this case, the speed of 
indenter movement was set to 5.0 mm/s and the force was held at 1 N for 2 s after application. 
When a force of 1 N was applied, the strain gauge exhibited a resistance change of approximately 
3800 ppm from the initial resistance without applied force, and the resistance was maintained 

Fig. 7. (Color online) (a) Time history of the application of force. Outputs of (b) strain gauge and (c) piezoelectric 
sensor for applied force of 1 N shown in (a). The strain gauge continues to respond while force is applied and held 
without any change in the rate of change in resistance, whereas the piezoelectric sensor responds only at the time of 
the change in force during application and release.
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while the applied force was held. In contrast, the piezoelectric sensor showed different positive 
and negative responses only when the force was applied and released, respectively, i.e., when the 
force changed over time. This characteristic response is due to the piezoelectric effect, where the 
charge output of the PZT capacitor corresponds to the time variation of the stress due to the 
applied force change. While the force does not change with time while the force is held, free 
electrons inside the PZT move to the side of opposite polarity to balance the potential between 
the electrodes, whereby the voltage between the electrodes decays and no output is generated. 
Thus, this sensor outputs an analog response from a single sensing element to an input of contact 
force in different patterns over time. 
 Figure 8 shows the (a) maximum (for applying) and (b) minimum (for releasing) outputs of 
the piezoelectric sensor at an indenter movement speed of 5.0 mm/s, as a function of applied 
force amplitude. According to Eq. (3), the quantity of charge is proportional to the output voltage 
amplitude. Hence, the sensor output voltage exhibits a linear relationship with the applied force 
amplitude in the range from 0.5 to 1.5 N. 
 Figure 9 shows (a) the rate of change in applied force and (b) piezoelectric sensor outputs at 
different indenter movement speeds with a constant applied force of 1 N. The indenter is pushed 
at speeds of 0.5, 1.0, and 5.0 mm/s from top to bottom in Fig. 9. From Eq. (3), the maximum 
output of the sensor is found to be larger when the speed is higher because the amount of change 
in applied force is greater.  The output voltages integrated over time are 0.00026, 0.00027, and 
0.00025 V･s for push-in speeds of 0.5, 1.0, 5.0 mm/s, respectively, which are approximately 
constant values independent of the speed of the applied force. This is because all applied forces 
are constant at 1 N, so the total charge is constant. 
 Figure 10 shows the sensor responses when external resistors with different resistances were 
connected in series with the piezoelectric sensor of the tactile sensor and normal force of 1 N 
was applied at a speed of 10 mm/s. Since the amplitude of the output voltage varies owing to the 
voltage drop across the external resistor, it is normalized to make easier to compare difference 

Fig. 8. (Color online) Dependence of the (a) maximum (for applying) and (b) minimum (for releasing) outputs of 
piezoelectric sensor on applied force amplitude. 
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Fig. 9. (Color online) Relationship between (a) rate of change in applied force and (b) piezoelectric sensor output. 
Indenter speeds from top to bottom: 0.5, 1.0, and 5.0 mm/s.

Fig. 10. (Color online) Time transient response and its time constant of the piezoelectric sensor (a) without an 
external resistor and with external series resistors of (b) 1 and (c) 5 GΩ. The output voltage is normalized to enable a 
comparison of time constants.



5138 Sensors and Materials, Vol. 36, No. 12 (2024)

due to the time constant. The time constant τ of the discharge phenomenon of the charge 
accumulated on the electrodes of the capacitor is CR. τ is proportional to the series resistance and 
the capacitance of the piezoelectric sensor. As shown in Fig. 10(a), the time it takes for the output 
voltage in the transient state to decrease by 63% from the steady state is on the order of 
milliseconds. The time constant obtained from the decay of measured output is 0.0048 s. The 
capacitance of the piezoelectric sensor is 130 pF, which is estimated from the time constant τ to 
be about R = 37 MΩ. This is consistent with the nominal value of the input impedance of the 
measurement system and the order. Figures 10(b) and 10(c) show the measurement results when 
1 and 5 GΩ resistors are connected, respectively. Although the larger value of the resistor caused 
an error due to the larger noise, the time constants obtained were 0.1512 and 1.1760 s, 
respectively, which are on the order of time compliant with the scale calculated from the resistor 
connected. As the resistance of the external resistor connected in series is increased, the time 
constant increases, indicating that the order of magnitude of the time constant can be adjusted by 
the circuit design of the sensor.

3.2 Frequency response

 The response of the tactile sensor to the application of the periodic vibration was measured. 
Figure 11 shows the sensor outputs of each sensing element with the output of the reference 
accelerometer as the input vibration waveform (dashed line) and a 70 Hz vibration applied to the 
sensor. Figure 11(a) shows the sensor output voltage upon the resistance change of the strain 
gauge, measured using a bridge circuit. The output of the strain gauge is in phase with the 
periodic vibration applied to the sensor. On the other hand, as shown in Fig. 11(b), the output 
waveform of the piezoelectric sensor is shifted by about π/2 from the applied vibration. 
According to Eq. (3), the current density flowing is proportional to the time variation of the 
stress, and the resulting voltage is the time derivative of the stress. Therefore, the repeated 
application of cyclic forces such as vibration causes a phase advance in the output of the 
piezoelectric sensor.

Fig. 11. (Color online) Sensor response to vibration. Outputs of (a) strain gauge and (b) piezoelectric sensor. The 
piezoelectric sensor has a phase advanced by 90°.



Sensors and Materials, Vol. 36, No. 12 (2024) 5139

 Thus, the sensor can generate different analog outputs with different phase characteristics 
from a single sensing element, even for inputs of vibration.

4. Conclusions

 The research presented in this paper was focused on the development of a MEMS tactile 
sensor that is useful for edge computing. The innovative design of this sensor incorporates both 
a strain gauge and a piezoelectric sensor integrated on a single microcantilever structure to 
mimic the complex sensory mechanisms of human skin. The developed MEMS tactile sensor 
was shown to be able to provide different analog outputs for different temporal characteristics 
because of the dual sensing element and microcantilever design. For a normal force, the strain 
gauge resistor and the piezoelectric sensor were shown to provide different time-response 
outputs for different electrical properties. It was shown that the time response of the piezoelectric 
sensor can be controlled by an appropriate design of the electrical equivalent circuit. It was also 
shown that for periodic vibration, strain gauges produce a response output in phase with the 
applied input, whereas the piezoelectric output has a response that is 90° out of phase.
 By inputting the analog output containing temporal features generated by  sensors like the 
one we developed in this study, the processing cost of the touch recognition tasks using machine 
learning may be reduced. In turn, by making good use of the concept of predesigning sensor 
input/output characteristics in accordance with the task, as proposed in this study, it is expected 
that sensor development technology useful for edge processing will be developed.
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