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The flexible pneumatic cylinder is a novel pneumatic actuator that can work
even if the cylinder bends. The purpose of this study is to develop a simple-
structured rehabilitation device using the flexible pneumatic cylinder. In this
paper, the control and analysis of robot arm for the human wrist
rehabilitation by using flexible pneumatic cylinder is introduced. The system
consists of a slave arm, a master arm, a high-speed microcomputer, compact
and inexpensive quasi-servo valves, a potentiometer and accelerometers to
give the references for the attitude control. The control performances of the
device were also investigated. Then, it is needed to improve the control
performance of the devices. Therefore, the analytical model of the flexible
pneumatic cylinder and the quasi servo valve with the embedded controller
was proposed and tested for estimating the performance theoretically. The
comparison between the theoretical and experimental results was also

executed to confirm the validity of the proposed model.

© 2017 The Authors. Published by IASE. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

One of the social complications encountered by
developed countries is the elderly population is
continuously increasing while the birth rates remain
to decline. These population differences become
more apparent every year and are raising the
concerns of professionals from a variety of fields
including the social sciences, medicine and
engineering. Today, numerous studies have shown
that robots can be beneficial and advantageous to
healthcare providers in a variety of ways from
supporting in nursing care (Ishii et al, 2005;
Noritsugu et al,, 2009) such as support the activities
of daily life for the elderly and the disabled
(Kobayashi et al., 2004) until to performing complex
surgical procedures (Piquion et al, 2009). The
capacity of doing precision work reliably and
repetitively for long periods would be of great value
in this field. In the middle of the numerous robots
designed to deliver arm therapy, ARM-GUIDE
(Reinkensmeyer et al., 1999) and MIME (Lum et al,,
2004) are two representative devices that have been
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verified extensively with patients. ARM-GUIDE that
allows the patient to exercise against gravity can be
used as diagnostic tool and a treatment tool for
addressing arm impairment. However, these robotic
arms are heavy in weight and must be fixed on walls
and poles. This causes the limited space in motion
and patients are easily to feel excess fatigue.
Furthermore, these robots are complex to set up by
patients themselves and are not appropriate for
rehabilitation training program at home (Zheng et
al., 2006). The purpose of our study is to develop a
flexible and lightweight actuator and to apply it to a
flexible robot arm (Yassin et al, 2016) and
rehabilitation device. Novel types of the flexible
pneumatic actuator that can be used even if the
actuators are deformed by the external forces have
been proposed and tested (Akagi and Dohta, 2007;
Dohta et al, 2013). The flexible robot arm with
simple structure has been proposed and tested by
using the flexible pneumatic cylinders (Aliff et al,
2012; Aliff et al,, 2014). This robot arm has three
degrees-of-freedom that is bending, extending and
contracting. The master-slave control is adopted into
the robot arm as a control method in order to be
used in rehabilitation field. The master-slave control
is necessary when a physical therapist wants to give
a rehabilitation motion to a patient. During
rehabilitation, the therapist will control the
movement of the robot by holding the master arm


http://www.science-gate.com/
http://www.science-gate.com/IJAAS.html
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:mohdaliff@unikl.edu.my
https://doi.org/10.21833/ijaas.2017.012.026
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://crossmark.crossref.org/dialog/?doi=10.21833/ijaas.2017.012.026&amp;domain=pdf&amp

Aliff et al/ International Journal of Advanced and Applied Sciences, 4(12) 2017, Pages: 151-157

and move it repeatedly according to conditions and
needs of the patient. At the same time, the patient’s
arm will follow the movement by holding the slave
arm as shown in Fig. 1. In this paper, the control and
analysis of robot arm for the human wrist
rehabilitation by using flexible pneumatic cylinder is
introduced. The system consists of a slave arm, a
master arm, a high-speed microcomputer, compact
and inexpensive quasi-servo valves, a potentiometer
and accelerometers to give the references for the
attitude control. Then, the analytical model of the
flexible pneumatic cylinder and the quasi servo valve
with the embedded controller was proposed and
tested. The comparison between the theoretical and
experimental results was also executed to confirm
the validity of the proposed model.

Fig. 1: Flexible pneumatic robot arm
2. Methodology
2.1 Flexible pneumatic cylinder and robot arm

Fig. 2 shows the construction of the flexible
pneumatic cylinder. It consists of a flexible tube, two
types of steel balls that have diameters of 9 mm and
3 mm, brass rollers and a slide stage. The flexible
tube as a cylinder which allows air to pass through it
is made of the soft polyurethane tube (SMC Co Ltd,
TUS 1208). The 9 mm steel ball as a cylinder head is
pinched by two pairs of brass rollers from both sides.
This allows the ball to move freely when air enters
into the cylinder.

The 3 mm steel balls are inserted between the
slide stage and the flexible tube to hold the cylinder
and brass rollers and at the same time to enable
natural movement for the tube. When the pressure is
applied from one end of the flexible tube, the 9 mm
steel ball which is in the middle of the slide stage is
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pushed and moved accordingly. At the same time,
the steel ball pushes the brass rollers and then the
slide stage moves while it deforms the tube. By using
various center distance D and distance W between
two pairs of rollers as a design parameter, the
optimal combination between D and W so that the
driving pressure of the pneumatic cylinder becomes
minimum had been investigated by the experiment.
The result shows that the best value for D is 14.4 mm
and W is 10 mm (Akagi and Dohta, 2007). In this
combination, the frictional force of the slide stage is
small and the 9 mm steel ball does not get out from
the slide stage.

Wy
Brass roller

Steel ball ®4mm

. ..... l .......... [.\,

Slide stage Flexible tube
Fig. 2: Construction of the flexible pneumatic cylinder

Slide stage

Table 1 shows the properties of the flexible
pneumatic cylinder that have been used for our
pneumatic robot arm. Fig. 3 shows the construction
of the flexible robot arm using flexible pneumatic
cylinders (Aliff et al., 2012; Fujikawa et al, 2010).
The robot arm consists of two round stages: an
upper and a lower, three flexible pneumatic
cylinders, a central tube, an accelerometer, a
potentiometer and three slide stages. The
potentiometer (Copal Electronics, stroke: 100 mm) is
connected to the central tube as shown in Fig. 3 to
measure the distance between two round stages. The
size of the robot arm is #100 mm x 250 mm and the
mass is 380 g. The initial distance between the upper
and lower stage is about 100 mm. Each flexible
pneumatic cylinder is arranged so that the central
angle of two adjacent slide stages becomes 120
degrees on the stage. An end of each flexible cylinder
is fixed to the upper stage. The two quasi-servo
valves (Zhao et al, 2010) which consist of four
on/off valves (Koganei Co. Ltd., GO10HE-1) are used
to drive one flexible pneumatic cylinder. In order to
control the three flexible cylinders, six control valves
are needed. The maximum bending angle of the
robot arm is 45 degrees and the total generated
force of three cylinders is 45 N for the supply
pressure of 500 kPa. In the flexible pneumatic
cylinder as shown in Fig. 2, the tube is moved
towards pressurized side when the slide stage is
fixed. This driving method is used in this robot arm.
The basic operating principle of the flexible robot
arm is as follows. To make the arm extend or
contract, pressure must be applied on one end of the
cylinder only. To perform a bending motion to the
right, for example, the right cylinder requires
pressure from both ends to limit movement while
the remaining two cylinders require pressure from



Aliff et al/ International Journal of Advanced and Applied Sciences, 4(12) 2017, Pages: 151-157

the top to enable movement (Aliff et al.,, 2014). The
robot arm will bend by constricting one cylinder and
extending the others. The upper round stage moves
in the range of 0 to 180 mm with three cylinder
tubes.

2.2. Master slave control

Fig. 4 shows the analytical model of robot arm. In
this model, the shape of the flexible pneumatic
cylinder between the lower stage and upper stage is
assumed to always be a circular arc when the robot
arm is bent. From the center of the robot, the
bending angle from X axis is a bending direction
angle a while the bending angle £ is defined as the
angle between the normal vectors from the center of
the upper surface of the Z axis of robot arm.

Air supply

Accelerometer
Upper round
stage (free)

Flexible
cylinder

@ 100 mm

Central tube

“ = Slide stage

Lower round
stage (fixed)

250 mm

= Potentiometer

- —  (fixed)

Fig. 3: Flexible pneumatic robot arm

Table 1: Properties of flexible pneumatic cylinder

Min. driving pressure 120kPa
Generated force 16N (input: 500kPa)
Max. moving speed >1m/s
Weight (stroke of 1m) <0.1kg
Min. radius of curvature about 30mm
Max. working pressure 600kPa

From -20 to +60°C
Push-pull actions

Working temperature
Movement

The flexible pneumatic cylinder which is on the X
axis is marked as cylinder 1 and the cylinders which
are arranged in a counter clockwise direction are
marked as cylinder 2 and cylinder 3. Ly, L2, and Lz are
the cylinder length (displacement) for cylinder 1,
cylinder 2 and cylinder 3, respectively. From the
geometric relationship as shown in Fig. 4, the
following equations can be obtained (Eq. 1)

L
R= E ’ (1)
further, from Fig. 4, L1, Lz, and L3 (length of the
cylinder between the upper surface of the stage and
lower stage) length of each cylinder are given by the
following equations (Egs. 2-4)
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Ly =R —r-cosa;) " f; (2)
Ly = {Ri — 71 Ccos (2?7[ - ai)} “Bi (3)
L3 = {Ri — 1 cos (%ﬂ - ai)} ‘B (4)

where r is 33 mm that is the distance from the centre
of the round stage to the centre of slide stage in the
cylinder. Subscrict i=m,s indicates for master arm
(desired value) and the slave arm (present value),
respectively. Subscript number (1, 2 and 3) indicates
the location number of the cylinder. By using from
the Eq. 1 to Eq. 4 and based on the displacement of
the master and slave cylinder, the control system can
be performed.

Bending
angle 8

Bending direction
angle a

Fig. 4: Analytical model of robot arm

Fig. 5 shows the relationship between the
bending angle and the output voltage from the
accelerometer sensor. In this study, the bending
direction angle a and the bending angle B are
measured by the accelerometer (Kionix KXR94-
2050) which consists of a mass, a spring and a
capacitance type displacement sensor. The
acceleration can be calculated by the displacement of
the mass. From Fig. 5, the following equations can be
obtained (Egs. 5 and 6).

a =cos™ ! szV—iV; (5)
o () 0

where V4, V), and V; are the output voltages from the
accelerometer. The voltages Vx and V, correspond to
the angle from the horizontal plane and V;
corresponds to the angle from the vertical plane. The
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Vzmax means the difference of V; between the values
in horizontal and vertical planes.

Accelerometer

Fig. 5: The relationship between the bending angle and the
output voltage from accelerometer sensor

By using from Eq. 1 to Eq. 6, we can calculate the
length of cylinders for every bending state of the
robot arm. In our previous study, we had confirmed
that the calculated angle agreed well with the
measured value (Fujikawa et al, 2010). The error
between the calculated angles by Eq. 5 and Eq. 6 and
the measured error angles were less than 1 degree.

2.3. Master-slave control system and control
procedure

Fig. 6 and Fig. 7 show the view of the master-
slave control system and its schematic diagram,
respectively. It consists of a slave arm and a master
arm. The slave arm consists of the tested robot arm,
a potentiometer, an accelerometer sensor, a

microcomputer (Renesas Co. Ltd.,, SH/7125) as the
controller and six quasi-servo valves for driving the
three flexible pneumatic cylinders.
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Fig. 6: The construction of master-slave control system

The master arm consists of a potentiometer and
an accelerometer that is set atop of the upper round
stage to give the reference attitude value. From Fig.
7, the microcomputer can get the output voltages of
the accelerometer from the master and slave arm.
The attitude of the upper round stage of the robot
arm is detected with the accelerometer installed
atop of the stage. The accelerometer can detect the
bending angle of the upper stage by measuring the
change of gravity for X, Y, and Z axes.

154

| l \ \ Air
Hablmki eHE
(wo ) (o) ETETETRI R[5 Lo
Micro-computer I B £
SH/7125 §§ Eé %5 §§ EE §,§
X axis Accelerometer
Y axis
Z axis
Potentiometer

Xaxis
Y axis o
2Z axis |

Fig. 7: Schematic diagram for control system

From these values, the bending direction angle a
and the bending angle f are calculated by using Eq. 5
and Eq. 6. The sampling period for control is 2.3 ms.
Fig. 8 shows the block diagram of the master-slave
control system. From Fig. 7 and Fig. 8, it is easily
understood how the proposed master-slave control
system works. The proposed control procedure is as
follows:

1. First, the attitude of the master arm; the bending
direction angle am, the bending angle fim and the
distance Lm are detected by using the
accelerometer and the potentiometer which are
installed on it.

2. The distances on the master arm Lim, Lzm and Lzm
are calculated by the microcomputer using the
analytical model from Eq. 1 to Eq. 4.

3. Then, the attitude of the slave arm; as, fs and Ls are
detected by the accelerometer and the
potentiometer of the slave arm. And the distances
Lis, Lzs and Lss are calculated by using the analytical
model.

4. The errors between L;n for the master arm and Ljs
(j=1, 2, 3) for the slave arm are calculated with the
microcomputer.

5.Finally, by using the quasi-servo valve (PWM
control valve) and PID control scheme based on
the calculated errors, the position of the cylinder
can be controlled.

Microcomputer gets the output voltage from the
bending angles and calculates the desired length and
the present length of each flexible cylinder by using
Eg. 1 to Eq. 4. The “length of the flexible cylinder”
can be defined as the distance between the upper
round stage and the lower stage. By using this
method, each length of the flexible cylinder can be
controlled. The variables output from
microcomputer needs to be converted from digital
signal into the analog signal in order to record it. So,
we had developed the D/A converter and record the
variables output voltage such as for bending
direction angle a and the displacement of the
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cylinders Li, Lz and L3 by using GRAPHTEC, GL200 recorder.
Lim,L2m * Robot o5, B5.L
am,8m,Lm [=>{ Master Model PD P valve [ "0 LS
L3m Arm
LIs,LZs,LBs Slave .
Arm [

Fig. 8: Block diagram of master-slave control

3. Results and discussion

In order to confirm the effectiveness of the
proposed model and identified system parameters, it
is necessary to compare the calculated result of the
analytical model for the overall robot arm with the
experimental result. For the master-slave control
method by using the tested quasi-servo valve, the
following typical PID control scheme was embedded
into the microcomputer (Eqs. 7 and 8)

u; = |Kpey + K; [ eidt + Kp % +22.5 (i = 1~3)
€ = Ly — Lis (i = 1~3)

(7)
(8)

where u; [%] and e; [m] mean the duty ratio for the
PWM valve in the quasi-servo valve and the error of
the cylinder displacement respectively. The value of
22.5 % is added to the control input to compensate
the dead zone of a quasi-servo valve (Zhao et al,
2010). When the value in the absolute in Eq. 7

becomes negative, the switching valve in the quasi-
servo valve switches to the exhaust from the supply.
PID control parameters used in the experiment and
simulation are listed in Table 2. These values were
selected so that the control error became smaller
and the movement of robot arm became smoother.

Table 2: PID control parameters

Kp[%/mm]  Ki[%/(mm-s)] Kp[%-s/mm]

Master-slave

control 0.87 2.5

0.0067

400
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<
0
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200
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Fig. 9 shows the experimental result of the
master-slave control. In these figures, the blue lines
are the length values of the desired master cylinders
and the red lines are the length values of the flexible
slave cylinders. The frequency of the movement is
about 0.2 Hz as can be found in Fig. 9.
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80 |

0 5 10 15 20 25 30
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Fig. 9: Master-slave control result

During the experiment, the master arm is
operated by a human hand to be bent, extended and
contracted. While, the slave arm just follows the
control movements from the master arm. From these
figures, there are minor errors which the robot arm
cannot trace the attitude of master arm. It can be
seen that the length L;, Lz, and L3 of slave arm has a
small rapid-stepwise change. This minor error is
caused by the large friction between the cylinders
and the slide stages. However, from overall review
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the slave arm can trace well the position of the
master arm. Thus, we can confirm that the
effectiveness of the control method can be achieved
by using the proposed analytical model and the
tested quasi-servo valve.

Fig. 10 shows the calculated result of the master-
slave control for the bending direction angle a and
each cylinder length Lz, Lz and Ls. In these figures,
the black lines are the desired target values which
are calculated by wusing previously proposed
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equations, based on the accelerometer’s output
voltages of the master arm and the red lines are the
calculated results using the proposed overall
analytical model of the robot arm (Aliff et al, 2014).
In both experiment and simulation, the values of 8
and L are kept constant: f =73 deg. and L = 0.131 m.
In the calculation, Matlab Simulink with Runge-Kutta
method was used. In the same way as the

w =
o o
o (]

Bending Direction
Angle o [deg.]

I i

Cylinder Length L2 [m]

10 15
Time [s]
: Target value

0.18 : Cglculated valug

20

o
N
=)

.:
=
B

0.12

Cylinder Length L1[m]

e
=

0.08

10 15

Time [s]

Fig. 10: Master-slave control analysis

4., Conclusion

This study focusing on the control and analysis of
the simple-structured robot arm using flexible
pneumatic cylinder can be summarized as follows:

e The compact and light-weight control system of the
flexible robot arm for the master-slave control was
proposed and tested. The system consists of the
microcomputer, compact and inexpensive quasi-
servo valves, accelerometers and the tested robot
arm.

e The simulation of the master-slave control using
the proposed method was executed by using the
previously proposed analytical model of whole
robot arm system. As a result of comparison, the
calculated results agreed with the experimental
results. The results show that the proposed
analytical model can predict the behavior of the
robot arm and the master-slave control.
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