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Abstract. In position control of wearable actuator such as a rubber artificial muscle, a compact 
flexible displacement sensor is much attractive and required. In this paper, two types of flexible 
displacement sensor using the ultrasonic sensor were introduced. One is a built-in displacement 
sensor for rubber artificial muscle. Another is a sensor that can measure the sliding 
displacement on a flexible tube for flexible robot. Both sensors use ultrasonic displacement 
sensors. The construction, operating principle and measuring performance of two sensors were 
also described.  

1 Introduction  
Recently, pneumatic welfare systems to support a nursing care and a rehabilitation of the elderly and 
the disabled are actively researched and developed[1-4]. In the system, many wearable actuators such 
as a rubber artificial muscle have been used[5-7]. The systems using the wearable actuators had been 
sold in Japanese market. However, a position feedback control had not been embedded into the system 
because of lack of low-cost and compact flexible displacement sensor for these actuators. The target 
of this study is to develop a low-cost and compact flexible displacement sensor for a wearable actuator. 
In the previous study, the indirect displacement measurement using an inner diameter sensor of rubber 
artificial muscle had been proposed and tested[7-9]. To decrease the measuring error, the direct 
measurement is useful. In addition, the flexible robot using flexible pneumatic cylinders was proposed 
and tested in the previous study[10-11]. In the attitude control system of the robot arm, a compact 
flexible displacement sensor is also required. As a compact flexible displacement sensor, an ultrasonic 
sensor is selected because it has many advantages such as non-contacting measuring and relatively 
inexpensive. 

2 Built-in displacement sensor for rubber artificial muscle  
Figure 1 shows a schematic diagram of a tested measuring system of a rubber artificial muscle (Festo 
Co. Ltd., MXAM-20-AA, original length of 220 mm) with a built-in sensor and an embedded 
controller (Renesas Co. Ltd. H8/3664). For applying the typical ultrasonic sensor on the market 
(Parallax Inc. Ltd., 28015) into the pressurized environment, the smaller transmitter (T4008A1) and 
receiver (R4008A1) produced by Nippon Ceramic Co. Ltd were replaced and installed into the rubber 
artificial muscle. The measuring procedure of the ultrasonic sensor using the embedded controller is 
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mentioned more detail in next section. The counting value corresponding to length of muscle is 
converted to the analogue signal in a D/A converter on the measuring board. 

Figure 1. Tested measuring system of rubber artificial muscle. 

Figure 2. Comparison of measured and true length of the muscle. 

Figure 2 shows the comparison between the measured length using tested sensor and the true 
length of the muscle measured by using a typical potentiometer on the market. In the experiment, the 
rubber artificial muscle was pressurized from 0 kPa (the length of the muscle: 280 mm) to 500 kPa 
(216mm). In Fig.2, the symbol shows the experimental result, the solid line shows the ideal case when 
the measured displacement is equal to true displacement. From Fig.2, it can be seen that the relation 
between the sensor output and the true length of the muscle is linear. This result means that the tested 
ultrasonic sensor is useful as a built-in displacement sensor of the muscle. The theoretical resolution 
calculated from the sampling period of counting and the speed of sound (343.26 m/s at 20 degree 
Celsius) of the sensor is about 0.2 mm.  
 

Figure 3. Positon control system using the rubber artificial muscle with a built-in displacement sensor. 
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Figure 3 shows the position control system using the tested muscle with built-in displacement 
sensor. The position control system consists of the muscle with built-in displacement sensor, the tested 
measuring system as shown in Fig.1, a position controller using embedded controller (Renesas Co. 
Ltd., SH7125) and a quasi-servo valve that consist of PWM controlled and switching on/off 
valves[12]. The position control is done as follows. First, the embedded controller for the ultrasonic 
sensor counts the time of the output signal from the tested sensor through I/O port. The embedded 
controller sends the measured displacement of the muscle length to another embedded controller as a 
voltage signal through the extra D/A converter. The displacement deviation from the desired is 
calculated by the controller for positioning and the control input for the quasi-servo valve is also 
calculated based on P control scheme. Finally, the control input is applied to the quasi-servo valve as 
PWM signal and on/off signal. The sampling period of control is 15 ms.  

Figure 4 shows the transient response of displacement of the muscle controlled by using the tested 
system. In Fig.4, blue broken and red solid lines show the desired and controlled position, respectively. 
It can be seen that the position control can be realized by using the tested sensor.  

Figure 4. Transient response of displacement of the rubber artificial for positon tracking control. 

3 Flexible displacement sensor using flexible tube  

As an another sensor using ultrasonic sensor, the flexible sliding displacement sensor using flexible 
tube was proposed and tested. The sensor was developed to measure the displacement of the flexible 
robot arm for wrist rehabilitation device [11] as shown in Fig.5 on the left so as to construct the 
compact and low-cost measuring system with flexibility. 

    
Figure 5. Flexible robot arm using flexible pneumatic cylinders and flexible sliding displacement sensor. 

Figure 5 on the right shows the construction of the proposed sensor using same ultrasonic sensor. 
The tested sensor consists of the ultrasonic sensor mentioned above, an acrylic cover with two tube 
connecters and a thick flexible tube with an inner/outer diameter of 8/12 mm connected to two thin 
flexible tubes with an inner/outer diameter of 2.5/4 mm. As a sliding stage, the ring-shaped 
neodymium magnet with an inner/outer diameter of 13/25 mm, thickness of 5 mm and an acrylic 
cylindrical reflector with an outer diameter of 7.5 mm and length of 9 mm that a steel ball with an 
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outer diameter of 5 mm were used. Figure 6 shows the construction and operating principle of the 
measuring system using the tested sensor. The measuring system consists of the tested sensor, the 
slide stage and an embedded controller (Renesas Co. Ltd., SH7125). I/O ports of the embedded 
controller are connected to the ultrasonic sensor to control the sensor. The cost of the tested sensor 
that includes the ultrasonic sensor and a magnet is low, that is about 35 U.S. dollars. 

Figure 6. Construction and operating principle of measuring system using flexible sliding displacement sensor. 

The measuring procedure is as follows. First, the embedded controller sends the trigger pulse for 5 
μs. Then, the transmitter is driven for 0.2 ms with frequency of 40 kHz (Step 1 in Fig.6). The 
generated ultrasonic wave passes through the thin tube as a transmission tube. It reaches at the end of 
the tube, and is transmitted to the thick tube(Step 2 in Fig.6). After that, the ultrasonic wave reflects at 
the slide stage, and reaches at the ultrasonic receiver through another thin flexible tube (Step3 in 
Fig.6). The embedded controller can calculate the distance between the ultrasonic sensor and the slide 
stage by measuring the time (counting value) until the receiver detects the ultrasonic wave from the 
transmitter. By this method, the tested sensor can measure the displacement of slide stage even if the 
flexible tube bends. 

 
Figure 7. Relation between counting value and displacement. 
 

Figure 7 shows the relation between the displacement of the slide stage and the counting value by 
using the thin tube with length of 140 mm. In Fig.7, the solid and broken lines show the case that 
displacement of slide stage increases and decreases, respectively. It can be found that it has relatively 
good linear relationship. The displacement resolution of the sensor can be calculated from the 
counting sampling period of counting (0.602 μs) and speed of sound (343.26 m/s), that is about 0.1 
mm. The sampling period for measuring using the embedded controller is about 4 ms at in the case of 
measuring displacement of 0.2 m. It is also found that it could measure the displacement even if the 
thin and thick tubes bends. 
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4 Conclusions 
Two types of flexible displacement sensor using the ultrasonic sensor and its measuring system using 
embedded controller were proposed and tested. The measuring performance of both measuring 
systems were investigated. As a result, it can be confirmed that the tested system could be applied to 
the positioning system of the rubber artificial muscle and the flexible robot arm using flexible 
pneumatic cylinder because of available resolution of 0.1 to 0.2 mm and relatively faster sampling 
period of 4 or 15 ms for rehabilitation device that requires slower motion.  
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