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Abstract 

Rehabilitation devices help to recover the physical abilities of patients. This 
study aims to develop a portable rehabilitation device that is safe to use when 
patients are holding it by hands. In a previous study, to realize a home reha-
bilitation device, a flexible spherical actuator that can provide motion to pa-
tients was developed. In this study, to measure the relative position between 
both handling stages, a 3D coordinate measuring device using three wire-type 
linear potentiometers and an embedded controller was proposed and tested. 
In this paper, the spherical actuator with built-in 3D coordinate measuring 
device is described. The measuring method and experimental results obtained 
are also presented. The tracking position control of the actuator using the 
measuring device was carried out. As a result, the position of the handling 
stages can be successfully controlled using the feedback signal from the tested 
measuring device. 
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1. Introduction 

In an aging society, a system to aid in nursing care [1] and to support activities 
of daily life for the elderly and the disabled is required [2] [3]. Rehabilitation de-
vices help to recover the physical abilities of patients in order to maintain their 
Quality of Life. The actuators used in such a system need to be flexible to pre-
vent injury to the human body [4]. This study aims to develop a portable reha-
bilitation device that is safe to use when patients are holding it by human hands. 
In particular, for patients to use the device at home by themselves, the device 
must be able to be used without special knowledge and must be easily available 

How to cite this paper: Matsui, Y., Akagi, 
T., Dohta, S., Kobayashi, W. and Tamaki, 
H. (2018) Development of Flexible Spheri-
cal Actuator with 3D Coordinate Measur-
ing Device. Journal of Flow Control, Mea-
surement & Visualization, 6, 95-106.  
https://doi.org/10.4236/jfcmv.2018.62009  
 
Received: December 8, 2017 
Accepted: February 24, 2018 
Published: April 18, 2018 
 
Copyright © 2018 by authors and  
Scientific Research Publishing Inc. 
This work is licensed under the Creative 
Commons Attribution International  
License (CC BY 4.0). 
http://creativecommons.org/licenses/by/4.0/   

  
Open Access

http://www.scirp.org/journal/jfcmv
https://doi.org/10.4236/jfcmv.2018.62009
http://www.scirp.org
https://doi.org/10.4236/jfcmv.2018.62009
http://creativecommons.org/licenses/by/4.0/


Y. Matsui et al. 
 

 

DOI: 10.4236/jfcmv.2018.62009 96 Journal of Flow Control, Measurement & Visualization 

 

at a low cost. In our previous study, a flexible pneumatic cylinder that can be 
used even if the cylinder is deformed by external forces was proposed and tested 
[5]. We also developed a spherical actuator using flexible pneumatic cylinders. 
This actuator can be used on a table as a rehabilitation device for the human 
wrist and arm [6] [7]. In other research work, Krebs, Takaiwa, and Noritsugu 
developed wrist rehabilitation devices [8] [9] [10]. A tested wrist rehabilitation 
device using a pneumatic parallel manipulator was successfully developed [9]. 
The device could realize human-friendliness by using a control scheme based on 
a disturbance observer. In our recent research, a portable rehabilitation device 
using the flexible spherical actuator that consists of two flexible pneumatic cy-
linders was proposed and tested. Compared with the wrist rehabilitation device 
[9], our device has an advantage in that it has an essential flexibility. In addition, 
the patients do not feel fear because they hold the device with their hands in-
stead of wearing it. The portable rehabilitation device can also be produced at 
low cost. In addition, to realize an inexpensive home rehabilitation device, the 
flexible spherical actuator can provide motions to patients by using a sequential 
control scheme. However, in order to maintain safety, the device needs to have a 
monitoring function of relative position between both handling stages to prevent 
to crash each other. Moreover, the relative position is used as a feedback signal 
for the attitude control of the device. In this study, to measure the relative posi-
tion between both handling stages in order to maintain the safety and attitude 
control of the device, a 3D coordinate measuring device using three wire-type 
linear potentiometers and an embedded controller was proposed and tested [11]. 
In this paper, a spherical actuator with a built-in 3D coordinate measuring de-
vice is described. The measuring method and experimental results using the de-
vice are also described. 

2. Flexible Spherical Actuator 

Figure 1 shows the construction of a low-friction flexible pneumatic cylinder 
developed in a previous study [12]. The cylinder consists of a flexible tube as a 
cylinder and gasket, one steel ball as a cylinder head, and a slide stage with 12 
steel balls that are set on the inner bore of the stage to press and deform the tube. 
The operating principle is as follows. When a supply pressure is applied to one 
side of the cylinder, the inner steel ball is pushed. At the same time, the steel ball 
pushes the slide stage, and the stage moves toward the opposite side of the pres-
surized side while deforming the tube. The frictional force of the cylinder is rela-
tively large compared with that of a typical rigid pneumatic cylinder. The mini-
mum driving pressure of the cylinder is 94 kPa. This value is smaller than the 
case using the previous flexible pneumatic cylinder, that is, 120 kPa [5]. 

Figure 2 shows the appearance of the tested spherical actuator using two 
ring-shaped flexible pneumatic cylinders. In this case, the previous type of flexi-
ble pneumatic cylinder was used. The two cylinders intersect at right angles, and 
each slide stage is fixed on each handling stage. The actuator can provide passive 
exercise for the user’s shoulders and arms while the user holds both handling  
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Figure 1. Flexible pneumatic cylinder. 

 

 
Figure 2. Appearance of flexible 
spherical actuator. 

 
stages with his or her hands. The actuator can also provide movement to the 
upper limb. However, to realize the desired motion, it is necessary to measure 
the relative coordinates between both stages. Figure 3 shows a transient view of 
the spherical actuator. The supply pressure is 450 kPa. From Figure 3, it can be 
seen that the actuator can create different attitudes easily. In addition, with re-
gard to the movement of both arms, we found that the actuator provided motion 
for not only the wrist but also the arms. Generally, a passive exercise such as the 
proposed motion is useful in recovering the moving areas of joints and the func-
tions of nerves and muscles. However, as patients must use the device alone, it is 
better to observe a relative position between both handing stages in order to 
prevent to occur a crash accident of the patient’s hands. 

3. Low-Cost Wire-Type Linear Potentiometer 

In order to measure the displacement of the flexible pneumatic cylinder directly, 
a low-cost wire-type linear potentiometer was proposed and developed in our 
previous study [13]. A wire-type liner encoder on the market is well known as a 
displacement sensor with a long stroke measurement. However, the cost of the 
encoder is very expensive, approximately 500 US dollars. The measuring resolu-
tion of the encoder is too high to apply a position control of the flexible pneu-
matic cylinder, which is required at a resolution of less than 1 mm. In addition, 
in order to obtain the displacement from the encoder output, a high-spec 
built-in embedded controller with faster processing speed is required for 
processing high-frequency pulse signals from the encoder. Therefore, a low-cost 
wire-type linear potentiometer whose output analogue signal is easily processed  

https://doi.org/10.4236/jfcmv.2018.62009


Y. Matsui et al. 
 

 

DOI: 10.4236/jfcmv.2018.62009 98 Journal of Flow Control, Measurement & Visualization 

 

 
Figure 3. Transient view of move-
ment of device. 

 
by a tiny embedded controller through an A/D converter was developed. Figure 
4 shows the construction of the low-cost wire-type linear potentiometer. The 
tested potentiometer consists of a helical potentiometer (BOURNS Co. Ltd., 
3590S-A26-104L) that can measure 10 times the rotational angle, a clockwork 
wire spool with a diameter of 22 mm, and a flexible stainless-steel wire with a 
diameter of 0.4 mm. Both shafts of the potentiometer and the wire spool are 
connected to each other. From the rotational angle of the helical potentiometer 
and the diameter of the wire spool, a maximum length for measurement of 
about 0.7 m can be expected. The resolution of the potentiometer using a 10-bit 
A/D converter is about 0.74 mm. The cost of the linear potentiometer except for 
the stainless steel wire is inexpensive at about 8 US dollars. In the previous 
study, a flexible pneumatic cylinder with built-in wire-type linear potentiometer, 
wherein the cylinder head was connected to the wire of the tested potentiometer 
through a special sealing mechanism, was developed [13]. This is shown in Fig-
ure 5. Figure 6 shows the transient response of the displacement of the tested 
cylinder. In Figure 6, the dashed blue line and solid red line indicate the desired 
and controlled displacements of the tested cylinder, respectively. The sampling 
period of position control is 1 ms. From Figure 6, it can be confirmed that the 
position of the cylinder can be controlled by using the tested sensor. However, 
the relative coordinates between both stages cannot be measured by using the 
displacement sensor of the flexible pneumatic cylinder because of the lower 
stiffness of the spherical actuator. 

As mentioned above, the displacement of the cylinder was successfully meas-
ured. However, in order to apply the spherical actuator to rehabilitation devices, 
it is required to measure not only the displacement of the flexible pneumatic cy-
linder but also the relative coordinates between both handling stages because of 
the flexibility of the spherical actuator. Therefore, a low-cost 3D coordinate 
measuring device that can be applied to rehabilitation devices was proposed and 
tested [11]. 

4. Three-Dimensional Coordinate Measuring Device 

Figure 7 shows a 3D coordinate measuring device using the three improved  
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Figure 4. Low-cost wire-type linear potentiometer. 

 

 

Figure 5. Flexible pneumatic cylinder with wire-type linear po-
tentiometer and special sealing mechanism. 

 

 

Figure 6. Transient response of displacement of cylinder for mul-
ti-position control. 

 

 

Figure 7. Three-dimensional coordinate measuring 
device. 
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wire-type linear potentiometers described below. In the device, the ends of the 
wires of each potentiometer are connected to each other. Each wire outlet posi-
tion (A, B, and C) is arranged such that each distance from the measuring 
origin is kept at a certain distance d. Figure 8 shows the measuring model of 
the device. From a geometric relationship, the following equations related to 
the distance d and coordinates of the measuring point P (x, y, z) can be ob-
tained: 

( )22 2 2
AD x d y z−= + + ,                   (1) 

( )22 2 2
BD x y d z= + − + ,                   (2) 

( )22 2 2
CD x d y z= + + + .                   (3) 

Equations (4) to (6) are derived from Equations (1) to (3). 

( )2 21
4 C Ax D D

d
= − ,                     (4) 

( )2 2 21 2
4 C B Ay D D D

d
= − + ,                  (5) 

( )22 2
Cz D x d y= − + − .                  (6) 

From Equations (4) to (6), it can be seen that the coordinates can be obtained 
by measuring each distance DA, DB, and DC. 

In order to realize a low-cost 3D measuring system, the wire-type linear po-
tentiometer is useful because the estimated cost of its parts is less than 10 US 
dollars. However, the tested linear potentiometer has a slight problem in that the 
rotary shaft of the spool and the helical potentiometer are not connected direct-
ly. This flexible connection of both shafts causes a measuring error. In addition, 
to measure the relative coordinates between the handling stages of the actuator 
based on the principle of triangulation, it is necessary to realize a high-resolution 
measurement in the appropriate range. Thus, an improved wire-type linear po-
tentiometer as shown in Figure 9 was proposed and tested. Compared with the 
previous potentiometer, the spool is directly connected to the shaft of the poten-
tiometer. Accordingly, this realized a smooth motion. Further, the diameter of 
the clockwork wire spool was shortened from 22 mm to 10 mm. As a result, the 
resolution of the sensor was improved to 0.45 mm. The size of the potentiometer 
became smaller, at 30 mm in height, 30 mm in width, and 42 mm in length. The 
mass of the potentiometer was 44 g. The maximum length for measurement was 
about 260 mm. 

Figure 10 shows an experimental setup of the 3D measuring device to inves-
tigate the measuring accuracy of the device. The experimental setup consists of 
the tested 3D measurement device and two kinds of ring-shaped disks with dif-
ferent inner diameters of 100 mm and 160 mm. Two disks are set on the base 
plate at various heights by using spacer rods. In the experiment, the tip of the 
measuring device moves along the inner bore of the disks. 

Figure 11 shows the experimental results of the 3D coordinate measurement  
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Figure 8. Measuring model of device. 

 

 
Figure 9. View of improved wire type linear po-
tentiometer. 

 

 
Figure 10. Experimental setup of 3D measur-
ing device. 

 

 
Figure 11. Experimental results using tested device. 
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using the tested device. In the experiment, the tip of the device was moved from 
0 to 360 degrees of rotation angle θ along the inner bores of disks with two kinds 
of diameters; 160 mm and 100 mm. In Figure 11, solid and dashed lines indicate 
the trajectory of the measuring point and the true value, respectively. From Fig-
ure 11, it can be seen that the device can measure the coordinates within an er-
ror of 5 mm. This measuring accuracy is sufficient to apply the spherical actua-
tor, which does not require precise positioning. 

5. Spherical Actuator with Built-in 3D Coordinate Measuring  
Device 

In order to install the 3D coordinate measuring device in the spherical actuator, 
the size of the device is very important. Therefore, a built-in 3D coordinate 
measuring device is proposed and tested. Figure 12(a) and Figure 12(b) show 
the entire spherical actuator and the built-in 3D coordinate measuring device, 
respectively. As shown in Figure 12(b), by changing the setting direction of each 
wire-type linear potentiometer, a compact 3D coordinate measuring device can 
be realized even if the distance from the measuring origin to each wire start 
point is kept at the same distance d of 35 mm. This means that each wire outlet 
position is the same as that of the previous device shown in Figure 7. The mea-
suring device is 100 mm in length, 47 mm in width, and 36 mm in height. The 
mass of the measuring device is approximately 165 g. The required space for set-
ting the device decreased to 46% of the previous one. From Figure 12(a), the 
device is set so as to meet both coordinates of the device and actuator each other. 

Figure 13 shows a schematic diagram of the position control system of the 
tested flexible spherical actuator. The control system consists of the spherical 
actuator with the 3D coordinate measuring device, four quasi-servo valves [14] 
to operate the two flexible pneumatic cylinders and an embedded controller 
(Renesas Co. Ltd., SH7125). Position control of the device is accomplished as 
follows. First, the embedded controller receives output voltages from three 
wire-type potentiometers, and the coordinates of the measuring point (x, y) are 
calculated. By comparing them with the desired position set in advance, the dev-
iation from the desired position can be calculated. As a control scheme, the fol-
lowing simple proportional control scheme was used: 

( )i p i iu k r c= −  ( ,i x y= ),                   (7) 

22.5i id u= +  ( ,i x y= ),                    (8) 

where ui, ri, ci, and di are the control input, desired coordinates and the meas-
ured coordinates for the x and y directions, and the input duty ratio of the PWM 
valve, respectively. The switching valves are changed based on the negative or 
positive value of the control input ui. The input duty ratio for PWM valve di is 
added 22.5% to compensate the dead zone of the valve [14]. By this method, the 
quasi-servo valves are driven and the flexible pneumatic cylinders are controlled 
in the x and y directions independently. In the control, a sampling period of 5 
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ms was used. The PWM period of the quasi-servo valve was 10 ms. 
Figure 14 shows the transient response of the x and y coordinates of the han-

dling stage in the tracking position control. In Figure 14, the dashed and solid 
lines show the desired coordinates and controlled position in the x and y direc-
tions, respectively. Figure 15 shows the attitude of the actuator for each desired 
position in Figure 14. In this case, the same desired coordinate was given for 
both the x and y directions. From Figure 14, it can be seen that the position of 
the cylinder can be controlled by using the feedback signal from the 3D coordi-
nate measuring device. However, we observe a non-negligible error between the 
desired and measured position. The positioning accuracy of the device will be 
improved by using a control scheme that compensates for the frictional force 
and time delay of the actuator. 

 

 
Figure 12. Flexible spherical actuator with built-in 3D coordinate 
measuring device. (a) View of entire actuator; (b) Built-in 3D 
coordinate measuring device. 

 

 
Figure 13. Position control system of device. 
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Figure 14. Transient response of x and y coordinates of handling stage. 

 

 

Figure 15. Attitude of actuator for each desired position in 
Figure 14. 

6. Conclusion 

In order to prevent the crash accident of patient’s hands, a 3D coordinate mea-
suring device that can obtain the relative coordinates between two stages in a 
flexible spherical actuator was proposed and tested. The measuring device con-
sists of three wire-type linear potentiometers and an embedded controller. To 
confirm the validity of the device, preliminary measurements using the theoreti-
cal model were carried out. As a result, it was confirmed that the tested device 
could measure the coordinates between both handling stages within an error of 5 
mm. A spherical actuator with a built-in 3D coordinate measuring device was 
also constructed. The tracking position control of the actuator using the mea-
suring device was carried out. We confirmed that the position of the cylinder 
can be controlled by using the feedback signal from the tested device. In our fu-
ture work, we will focus on improving the positioning accuracy by applying a 
control scheme while compensating the frictional force and time delay of the 
actuator. 
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Nomenclature 

ci measured coordinate (I = x, y) 
d distance between a wire outlet position and a measuring origin 
di input duty ratio of the PWM valve 
DA distance between position A and measuring point P 
DB distance between position B and measuring point P 
DC distance between position C and measuring point P 
kp proportional gain 
ri desired coordinate (I = x, y) 
ui control input (I = x, y) 
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