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without using any software programs or analog digital 
converters.
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1  Introduction

Microrobots have been studied in various fields such as 
miniature component assembly fields or microsurgery 
fields. However, further miniaturization and higher func-
tionalization of microrobots are needed to make them play 
a more active role in those fields [1, 2]. Especially, to real-
ize the further miniaturization, developments of a small 
size actuator, an energy source and a controlling system 
have been required. However, conventional mechanical 
machining technology faces a problem with limitation in 
miniaturization. Therefore, some advanced studies use the 
micro electro mechanical systems (MEMS) technology for 
miniaturizing the microrobot [3, 4]. The miniaturization 
of the actuator has been usually researched in the conven-
tional rotary actuator such as an electrostatic type motor [5] 
or an electromagnetic induction type motor [6]. However, 
there are disadvantages, such as the small amount of gen-
erative force or difficulty in miniaturization. Therefore, the 
actuator using the characteristic of the material itself has 
attracted attention [7].

Programmed control by a microcontroller has been a 
dominant system to control the microrobot. However, the 
programmed control cannot be processed appropriately 
under the specified environment with unexpected situa-
tions. The programmed control is effective for the repeat-
ing operation as one in a factory line. However, when a 
robot works in unusual environments such as inside the 
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human body, programmed control system is difficult to 
process. On the other hand, artificial neural networks imi-
tating the biological information processing have possibili-
ties in the advanced robot controlling. For example, several 
researches of construction of the artificial neural networks 
by modeling the biological neural networks have been 
reported [8–11]. However, using the mathematical neuron 
models in large scale artificial neural networks is difficult 
to process continuously because the computer simulation 
is limited by the computer performance, such as the pro-
cessing speed and the memory capacity. In contrast, even 
if a circuit scale becomes large, the nonlinear operation of 
the hardware neuron model can perform at high speed and 
be processed continuously. Therefore, the construction of 
a hardware neuron model which can generate oscillatory 
patterns has been desired. The pulse-type hardware neu-
ron model (P-HNM) proposed by Sekine can generate the 
oscillatory patterns using a simple electronic circuit [12, 
13].

We are studying the MEMS microrobot system which 
can locomote without using any software programs or 
analog digital converters. Previously, we developed the 
MEMS microrobot generating the rotational movements of 
a rotor using the artificial muscle wire-type actuator [14–
16]. The artificial muscle wire-type actuator can generate 
the movements of the MEMS microrobot with six legs. In 
addition, the pulse-type hardware neural networks can gen-
erate the driving waveform of the artificial muscle wire-
type actuator. However, the size of the driving circuit is 
8.5 mm square and it is too big to move the MEMS micro-
robot [17].

In this paper, we will discuss the small size driving cir-
cuit which can generate the driving waveform of the pie-
zoelectric element impact-type actuator. We developed the 
driving circuit using P-HNM which consists of the bare 
chip IC of P-HNM using CMOS process and peripheral cir-
cuit. The driving circuit is 3.2 mm × 4.9 mm in size, which 
can be mounted on the MEMS microrobot.

2 � MEMS microrobot

2.1 � Component

A piezoelectric element impact-type MEMS microrobot 
is shown in Fig.  1. The MEMS microrobot consists of 
legs with a piezoelectric element impact-type actuator and 
a link mechanism. Each component is made from silicon 
wafers except the piezoelectric element and the shafts. The 
size of the fabricated robot is 4.0 mm in width, 4.6 mm in 
length, and 3.6 mm in height.

The component of a piezoelectric element impact-type 
actuator is shown in Fig.  2. The piezoelectric element 

impact-type actuator consists of a frame, a rotor, a piezoe-
lectric element and an impact head. Constructed actuator is 
measured in the size of 1.0 mm in width, 4.4 mm in length, 
and 3.2 mm in height. The specification of the piezoelectric 
element is shown in Table 1. The piezoelectric element can 
drive the actuator in low voltage.

2.2 � Piezoelectric element impact‑type actuator

Rotational motion of the rotor is generated by the volt-
age driving piezoelectric element. Firstly, driving wave-
form (pulse waveform) is inputted to a piezoelectric ele-
ment. Secondly, the piezoelectric element vibrates in the 
displacement direction. Thirdly, impact head hit the rotor. 
Finally, rotational movement of the rotor makes the six legs 
move using a link mechanism. As a result, locomotion of 
the MEMS microrobot is realized.

Fig. 1   Fabricated MEMS microrobot

Fig. 2   Components of the piezoelectric element impact-type actuator

Table 1   Specification of the piezoelectric element

Displacement 110 nm at 3 V

Capacitance 32 nF ± 20 %

Dielectric resistance ≥100 MΩ

Curie temperature 245 °C

Dimensions 0.9 mm × 0.9 mm × 1.0 mm
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3 � Driving circuit

3.1 � Pulse‑type hardware neuron model

P-HNM can output the pulse waveform like living organ-
isms. P-HNM has a characteristic of class II neuron [17] 
such as the Hodgkin-Huxley model [10] or Bonhoeffer-
van der Pol model [11]. Therefore, P-HNM has the same 
basic features as biological neurons such as the threshold, 
the refractory period and the ability to generate the con-
tinuous pulse waveform. The basic circuit diagram of the 
P-HNM using the CMOS technology is shown in Fig.  3. 
The P-HNM consists of the capacitor CG, the membrane 
capacitor CM, and the MOSFETs MC1, MC2, MC3 and MC4. 
The P-HNM is an electrical oscillating model which can 
output the pulse waveform using a negative resistance 
circuit, an equivalent inductor, and a capacitor. VA is the 
power supply voltage of the P-HNM. vCell is the volt-
age between both ends of the capacitor CM. The circuit 
parameters are CG = 150 pF, CM = 15 pF, MC1 and MC2: 
L =  5 μm, W =  50 μm, MC3: L =  10 μm, W =  1 μm, 
MC4: L =  10 μm, W =  3 μm (where W is an effective 
channel width and L is an effective channel length of the 
MOSFETs. In the case where W/L become large, the cur-
rent of the MOSFETs will increase).

The output pulse waveform of the P-HNM is inputted 
to the peripheral circuitry through a current mirror cir-
cuit for the purpose of current amplification and imped-
ance adjustment. The circuit diagram of the current mir-
ror circuit using CMOS technology is shown in Fig.  4. 
In Fig.  4, VDD is the power supply voltage of the current 
mirror circuit and iout is the output current of the current 
mirror circuit. Each circuit parameters are as follows: M1: 
L = 1.5 μm, W = 60 μm, M2: L = 10 μm, W = 10 μm, 
M3: L = 1.5 μm, W = 100 μm.

Figure 5 shows the example of the layout pattern of the 
constructed IC chip. The design rule of the IC chip is the 4 
metal 2 poly CMOS 0.35 μm rule. In this layout, we con-
struct P-HNMs and current mirror circuits. The IC chip is 
2.54 mm square in size.

Fig. 3   The circuit diagram of the P-HNM

Fig. 4   The circuit diagram of current mirror circuit

Fig. 5   Layout pattern of the IC chip

Fig. 6   Example of the output pulse waveform of the P-HNM (simu-
lation result)
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3.2 � Output waveform of P‑HNM

The example of output pulse waveform vCell of the P-HNM 
is shown in Figs.  6 and 7. Figure 6 shows a result of the 
simulation and Fig.  7 shows the measured result of the 
output pulse waveform of the constructed IC chip. The 
simulation result was given by HSPICE. The power sup-
ply voltage of the P-HNM was set to VA = 2.8 V. Compar-
ing the Figs. 6 and 7, oscillating frequencies are different 
(60 kHz in the simulation result, 17 kHz in the measured 
result). The piezoelectric element impact-type actuator can 
generate the rotational movement by a frequency from 10 
to 50 kHz. Therefore, we apply the parasitic capacitance to 
the IC design.

3.3 � Output waveform of current mirror circuit

The frequency characteristic of a pulse-type hardware neu-
ron model is shown in Fig. 8. In the figure, the abscissa is 
frequency of P-HNM and the ordinate is output voltage. 
The value of power supply voltage VA of the pulse-type 
hardware neuron model was VA = 2.2 to 2.7 V in the sim-
ulation result, but it was VA = 2.6–4.4 V in the measured 

result. The power supply voltage of a current mirror circuit 
was VDD =  5.0 V. The output voltage of the current mir-
ror circuit is obtained as the voltage vR1 which is the volt-
age between both ends of the resistor R1 = 130 Ω, which is 
shown in Fig. 9a. 

3.4 � Driving circuit of MEMS microrobot

The driving circuit of the piezoelectric element impact-type 
actuator consists of a bare chip IC of P-HNM with the cur-
rent mirror circuit and the peripheral circuit. The peripheral 
circuit consists of a transistor and two resisters. Both bare 
chip IC and peripheral circuit is implemented on FR4 cir-
cuit board as shown in Fig. 9. The output of driving circuit 
was vout as in Fig. 9a. The circuits with blue frame shown 
in Fig. 9a are constructed inside the bare chip IC. Circuit 
parameters of the peripheral circuit are resistor R1 = 130 Ω 
and R2 = 51 Ω. We used the transistor PBSS4160U (NXP 
Semiconductors, Inc.). The layout of the FR4 circuit board 
is shown in Fig. 9b. The size of the bare chip IC is 2.54 mm 

Fig. 7   Example of the output pulse waveform of the P-HNM (meas-
ured result)

Fig. 8   Frequency characteristic of a pulse-type hardware neuron 
model

Fig. 9   The driving circuit for actuator
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square in size. We construct the 2.7 mm square size groove 
to the FR4 circuit board.

Figure  10 shows the fabricated driving circuit. Wire 
bonding is used to connect the FR4 substrate with a 
bare chip IC. The size of the fabricated driving circuit is 
3.2 mm × 4.9 mm, which can be mounted on the MEMS 
microrobot.

4 � Rotational motion

4.1 � Characteristics of the driving circuit

The characteristic of driving circuit is shown in Fig.  11. 
The abscissa shows VA, and the ordinate shows frequency 
and peak to peak voltage of the voltage vout. vout is voltage 
between both ends of the capacitor CPZT. The power supply 
voltage of the current mirror circuit and the transistor were 
set to VDD = 2.3 V and VCC = 5.0 V. In this figure, in the 
case of varying the VA, the output frequency and the peak to 
peak voltage of output will change linearly.

4.2 � Generation of rotational motion using driving 
circuit

Figure  12 shows the example of output waveform of the 
driving circuit. This output waveform allows the piezo-
electric element impact-type actuator to rotate as shown in 
Fig. 13.

The driving circuit is connected to the piezoelectric ele-
ment impact-type MEMS actuator, which generates the 
rotational motion. When the power supply voltage VA of the 
P-HNM, the power supply voltage VDD of a current mir-
ror circuit, and the power supply voltage VCC of a transis-
tor were VA =  2.67 V, VDD =  2.20 V and VCC =  6.00 V 

Fig. 10   Photograph of the fabricated driving circuit

Fig. 11   Frequency characteristics and peak to peak voltage charac-
teristics vs. voltage source VA

Fig. 12   Output waveform of the driving circuit

Fig. 13   Rotational motion of the piezoelectric element impact-type 
MEMS actuator
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respectively, the rotation of the rotor was obtained 
(Fig. 13). In Fig. 13, the rotor rotates at 24 rpm rotational 
motion.

As a result, our constructed driving circuit can actuate 
the actuator of the MEMS microrobot.

5 � Conclusion

In this paper, we discussed the driving circuit which can 
generate the driving waveform of the piezoelectric element 
impact-type actuator. The driving circuit consists of the 
bare chip IC of the P-HNM using the CMOS process and 
the peripheral circuit. As a result, the following conclusions 
were drawn.

a)	 The bare chip IC of the P-HNM can be constructed 
with the CMOS technology.

b)	 The size of the driving circuit can be reduced to 
3.2 mm × 4.9 mm, which allows it to be mounted on a 
MEMS microrobot.

In the future, we will construct the whole system of the 
piezoelectric element impact-type MEMS microrobot.
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