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Abstract—Advances in technology have expanded the use of
soft actuators in various fields especially in robotics,
rehabilitation and medical field. Soft actuator development
provides many advantages, primarily being simple structures,
high power to weight ratio, good compliance, high water
resistance and low production cost. However, most soft actuators
suffer the problem of being oversized which could potentially
hurt users as it is often made of hard materials such as steels and
hard rigid plastics. Current drawbacks of soft actuator
implementation in robotic arms are on its excessive weights,
causing these robots to be difficult to set up by patients
themselves which in turn makes it less applicable for home
rehabilitation training program. Hence, there is a need to design
a soft actuator which is safe and more flexible, especially for
applications in areas of patients in rehabilitation area or in-house
rehabilitation program. In this paper, we propose the design of
robot arm using master device pneumatic actuator and analyse
the implementation for the above purpose. The system comprises
primarily of the master and slave arms, two accelerometers and
two potentiometers providing references for attitude control, six
quasi-servo valves, and SH-7125 microcontroller. Our proposed
design exhibits functions of the actuator that has been generated
from elastic deformation of extension and contraction of the
cylinder structure when high pneumatic pressure is supplied to
the chamber. The control performance of the device is
investigated using simulation method, whereby the rational
model of the robot arm and the quasi servo valve with the
embedded controller is implemented and analysed. It is found
that the analysed results of the model approved well with the
desired values.
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I.  INTRODUCTION

A major social problem in developed countries is the
alarming rise of elderly population against a continuingly
declining birth rate. Such population differences have become
more apparent every year, raising the concerns of various
professional community from aspects of engineering,
healthcare and social sciences. Today, many studies have
shown a wide adoption of robot technology used in
manufacturing [1], agriculture [2], communication [3], and
education [4, 5]. In the line of 4IR, there is demand for one
system that can control, communicate and integrate different
robots regardless of their types and specifications. As term
machine learning has heated up interest in robotics has not
altered much. Only a portion of recent development in
robotics can be credited to development any use machine
leaning. Only a portion of recent development in robotics can

be credited to development any use machine leaning [6]-[10].
Recent robotic development project has embedded machine
learning algorithms to increase the intelligence in robots. This
will increase the productivity while reducing the cost and
electronic waste in a long run.

Specifically in the healthcare industry, robots are used in
range of ways from supporting nursing care [11], assist the
daily activities for elderly residents [12] as well as the
disabled [13], to performing complex surgical procedures in
hospital’s surgery situation [14]. The ability to perform work
accurately and continually for extensive times is of significant
merit in this scope. However, one major drawback of such
robotic arms is that they are often heavy and need to be
mounted on walls and pillars. This causes the room to be
restricted in space and movement which thoroughly affects
patients’ negatively. Current robot arm products are also
complicated to be installed by patients themselves and are not
applicable for home rehabilitation programs [15].

In medical and rehabilitation areas, several key features for
actuators are expected; light weight, portability and
adaptability to expand to needs, as well as usability in various
environments [16, 17]. For these reasons, choosing the right
actuator is important to satisfy the above criteria. A flexible
and lightweight actuator has been developed in this study and
applied for robotic arm to be used as rehabilitation device. In
specific, the device is a novel type of flexible pneumatic
actuator with two important attributes: (i) perform well even if
the actuators are impaired by the extrinsic forces [18, 19] and
(ii) flexibility of the robot arm based on simple structure,
which is proposed and tested using the flexible pneumatic
cylinders [20, 21]. This robot arm possesses three special
degrees-of-freedom characteristics which are able to bend,
extend and contract. With the aim to be harnessed in
physiotherapy, the master and slave device is incorporated
into the robot arm, to assume the situations where the physical
therapist performs movement treatment to a patient. During
rehabilitation, the therapist control the robot movement by
holding the master arm and move it repeatedly according to
conditions and needs of the patient. Simultaneously, the user’s
arm placed on slave arm will actually mimic the master arm
movement as presented in Fig. 1. Using a flexible pneumatic
cylinder, the analysis of robot arm for the human wrist
rehabilitation is introduced in this paper. The system consists
of a set of master and slave arms, two accelerometers and two
potentiometers providing references for attitude control, six
quasi-servo valves, and SH-7125 microcontoller. Next, the
analytical model of the flexible pneumatic cylinder and the
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quasi servo valve with the embedded controller was designed.
A comparison of the theoretical and experimental results was
then performed to verify the rationality of the designed model.

Master arm

% ™y

Fig. 1. Master and Slave Device of Robot Arm.

Il. MATERIAL AND METHOD

A. Structure of Robot Arm

Construction of flexible soft tube is shown in Fig. 2. Main
components of the soft tube include brass rollers, flexible
tubes, slide stage as well as 9 mm and 3 mm of steel balls.
Soft polyurethane tube from SMC Co Ltd (TUS 1208) has
been used as a cylinder that allows air to pass through it.
When air is supplied into the tube, two pairs of brass rollers
from top and bottom sides are pinched on the 9 mm steel ball
(referred as the cylinder head), allowing free movement of the
steel ball. On the other hand, a 3mm diameter steel ball was
introduced in the middle of the slide stage and flexible tube to
withstand the cylinder and brass rollers, thus enabling a
natural tube movement. In addition, steel ball (9 mm) located
amidst the slide stage was pushed and moved appropriately
when pressure was given from one end of the flexible tube. In
parallel, brass rollers also pushed the steel ball, moving the
slide stage although it impaired the tube. Therefore, this ideal
combination between center distance (D) and distance (W)
between two couples of rollers can be a variable to find lowest
handling pressure of the pneumatic cylinder. As a result, the
best value for D was indicated at 14.4 mm and W at 10 mm
after considering that this value combination caused the steel
ball (9 mm) to not being able to escape from the slide stage
and slender frictional force of the slide stage [18].

Table | highlights characteristics of flexible cylinder used
in this study. Using the developed flexible pneumatic
cylinders, the flexible robot arm is constructed as shown in
Fig. 3 [20, 22]. The robot arm size specification is as follows:
an overall diameter of @100 mm x 250 mm with a total mass
of 380 g. It is partitioned as upper and lower round stages,
fixed with a central tube, three flexible pneumatic cylinders,
an accelerometer, three slide stages and a potentiometer. The
preliminary distance between two round stages is about 100
mm after being measured using the potentiometer from Copal
Electronics that was connected to the middle of the tube. The
mid angle of two nearby slide stages is equal to 120 degrees
on the stage following each flexible pneumatic cylinder’s
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arrangement after its end was set to the upper stage. One of
flexible pneumatic cylinder was driven by two quasi-servo
valves [23, 24] which consist of four on/off valves (Koganei
Co. Ltd.,, GO10HE-1). Six control valves were needed to
control the three flexible cylinders. In conditions that exerted
500 kPa amount pressure; the maximum bending angle of the
robot arm was at 45 degrees with the overall produced force of
three cylinders to be that of 45N. The operating principle for
pneumatic cylinder is shown in Fig. 2. To bend the pneumatic
cylinder to the right side, pressure must be directed to both
ends of the right cylinder whereas the other two cylinders are
pressurized from the top [17]. On the other hand, one end of
the cylinder was pressurized in order to move the robot arm
upward or downward.

My
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Fig. 2. Construction of the Flexible Pneumatic Cylinder.
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Fig. 3. Flexible Pneumatic Robot Arm.
TABLE. I. CHARACTERISTICS OF FLEXIBLE CYLINDER
Weight <0.1kg
Pushing and pulling speed > 1m/s
Produced force 16N(input:500kPa)
Lowest handling pressure 120kPa
Maximum operational pressure 600kPa
Minimum curvature radius about 30mm
Movement Push-pull actions
Effective temperature From -20 to +60 deg.C
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B. Master Slave Control

The geometrical relationship of robot arm is shown in Fig.
4. Once arms are curved, the form of flexible cylinder from
upper stage to lower stage is presumed to always be in round
arc. From the center of the robot arm, angle « is defined as the
bending angle from X axis while angle g denotes from Z axis
to the normal vector at the centre. Following the counter
clockwise starting from X axis, the cylinder length
(displacement) of flexible pneumatic for the cylinder 1 located
exactly on the X axis is labelled as L1, followed by L2 and L3
for cylinder 2 and cylinder 3 respectively.

Fig. 4 shows the geometrical relationship of the robot arm,
producing the following obtained Equation (1):

L
R=2 @
Furthermore, from Fig. 4, the equations for L1, L2 and L3
(length of the cylinder between the upper surface of the stage
and lower stage) are acquired and shown in Equations (2), (3)
and (4), respectively.

Lyy=(R;—7r-cosay) - f; (2)
Ly = {Ri — 71" cos (2?7: - ai)} “Bi 3)
Ly = {Ri —7r-cos (%ﬂ - al-)} - B; 4)

From the above equations, r is set at 33 mm measured as
the radius of the round stage to the centre of slide stage in the
cylinder. Subscripts i = m,s indicates the 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 referring to Equations (1) to (4) and based on
the displacement of the master and slave cylinder, the control
system can be performed. The accelerometer (Kionix KXR94-
2050) has been used to measure the bending direction angle a
and the bending angle B of robot arm. This consists of a mass,
a spring and a capacitance type displacement sensor. Fig. 5
shows an analytical model to calculate the value of o, B, and
the coordinate Xc, Yc, Zc of robot arm end.

a = cos™! —& 5)
/V,?+V§
4
B =cos™! < )
Vzmax
X.=R-(1-cos g)cosa
Y, =R-(1-cos #)sina (6)
Z,=R-sing

Vzmax, VX, Vy, and Vz values signify differences of Vz
between the values in horizontal and vertical planes and the
output voltages from the accelerometer in X, Y, Z axis,
respectively. The length of cylinders for every bending state of
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the robot arm can be calculated using (Eg. 1) to (Eg. 6). From
our experiments, the calculated angle shows good agreement
to the measured value in which the error between the
calculated angles and the measured error angles is found to be
less than 1 degree [22, 24].

C. Control Procedure

Fig. 6 shows the view of the master-slave control system
and its schematic diagram which consists of a slave arm and a
master arm.

Z o Bending
B angle 8

<

Bending direction
angle a

Fig. 4. The Geometrical Relationship of the Robot Arm.
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Accelerometer

Fig. 5. The Correlation of Accelerometer Sensor with Bending Angle.
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Fig. 6. Schematic Diagram for Control System.

In order to obtain the reference attitude value of the master
arm, the accelerometer is set atop the upper stage. The
changes of gravity for X, Y, and Z axes, the bending angle of
upper stage of master and slave arm are then detected. Output
voltages of the accelerometer from master and slave arm are
sent to the microcomputer as shown in Fig. 6. Sampling period
for master slave control system is set as 2.3 ms. The proposed
control procedure for master-slave is described below:

1) Initially, the attitude of the master arm; the bending
direction angle am, the bending angle fm and the distance L,
are detected using the accelerometer and the potentiometer
installed on it.

2) Distances of the master arm Ly, Lo, and La, are
calculated by the microcomputer using the analytical model
from (Eq. 1) to (Eq. 4).

3) Attitude of the slave arm; as, fs and Ls are next
detected by the accelerometer and the potentiometer of the
slave arm. Distances Ly, Los and L are calculated by using
the analytical model.

4) Errors between Lj, for the master arm and Ljs (j=1, 2, 3)
for the slave arm are calculated using the microcomputer.

5) Finally, using both control system which are PWM
control valve (quasi-servo valve) and PID control scheme
depend on the calculated errors, the position of the cylinder
can be controlled.

Another control system introduced in this paper is the
trajectory control system. Such system exhibits only a slave
arm. The procedure for trajectory control system using the
analytical model is further described below:

1) Xq(t), Yq(t), Zy(t) is generated.

2) The present bending direction angle o, the bending
angle B and the length L is determined using equations (5) and
(6). The current arm end’s coordinates X, Y., Z.are obtained
using these calculated values. Concurrently, the present
cylinder lengths L1, L2 and L3 are also calculated using
Equations (1) to (4).

3) Xe, Yo, Za of next arm end’s coordinates are
deliberated from the target trajectory. The distinctions 6X, dY,

Vol. 10, No. 8, 2019

dZ of current arm end’s coordinates are obtained using the
following equations:

X=X,y —-X,

N =Y, -V, ()
&Z=2,-2,
4) Next, distinctions (dxc, Oye, 0z) Of arm end’s

coordinates are calculated based on the divergence between
the preferred position of arm end and its current position. ay,
f1 and L, are obtained using the following equations for which
the preferred positions are calculated.

a, =a+oa

B.=pB+p (8)
L =L+dL

5) The preferred cylinder lengths L;;, L,; and Ls; are
determined based on calculations of a;, $; and L; from
Equations (8) and Equation (1) to (4).

6) Finally, using PID control system and recapping the
procedures from 2) to 5), variation of each cylinder length
from the desired length is ascertained and position control of
each cylinder is executed as below:

e,=L,—L,
e, =L,—-L, (9)
e =Ly—L

I11. RESULT AND DISCUSSION

To validate the efficiency of the proposed model and
identify system parameters, we evaluate the calculated result
with the analysed result of the analytical model for the whole
robot arm. As stated earlier, the following PID control scheme
is embedded into the microcomputer as control modes:

Uy = [Kee, + K, [edt+ K, % +225

(i=1~3) (10)
€ = I—im - Lis

i (i=1~3) (12)

Where ¢[m] and u;[%] indicate error ratio of the cylinder
displacement and the duty ratio for the PWM valve in the
quasi-servo valve, respectively. Table Il shows the PID
control parameters used for the simulation. By utilizing these
selected values, the control error is able to become smaller
while at the same time allowing the movement of the robot
arm to be smoother.

TABLE. Il PID CONTROL PARAMETER

KP [%/mm] Kl [%/(mm:s)] KD [%-s/mm]

Master-slave

0.79 1.8 0.01
control
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D/A converter has been developed to convert the variables
output of microcomputer from digital into analog signal. The
variables output voltages signify bending direction angle «
and g and the displacement of the cylinders, in which these are
logged using a GRAPHTEC, GL200 recorder.

Fig. 7 and 8 show the calculated results of the master-slave
control and trajectory control, respectively. The target values
which are calculated using the proposed equations are
indicated as dashed black lines based on the accelerometer’s
output voltages of the master arm while the calculated results
are indicated as the continuous red lines. From the evaluation
between the target values and the calculated values, it can be
confirmed that both of the results do match.
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Fig. 7. Master-Slave Control Analysis; (a) Bending Direction Angle «

Versus Time , (b) Cylinder Length, L1 Versus Time, (c) Cylinder Length, L2
Versus Time , (d) Cylinder Length, L3 Versus Time.
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Fig. 8. Trajectory Control Analysis (a) Z. Versus Time,( b) Y. Versus Time,
(c) X. Versus Time,(d) Y. Versus X.
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IV. CONCLUSIONS

This study’s purpose is to develop a simple, light-weight
and compact rehabilitation device for human wrist that can be
set up and installed by patients with less complications. It
should also be applicable for home rehabilitation training
program. The system is shown to consist of inexpensive quasi-
servo valves, a microcomputer, pneumatic robot arm and
position accelerometers. Therefore, the development of
flexible pneumatic robot arm for the master-slave control and
trajectory control are proposed and investigated.

The simulation of the controls was performed based on our
proposed analytical model. The values for PID control gain
KP, KI and KD were investigated to achieve smaller control
error, while at the same time enabling the robot arm to
produce smooth movement. From our analysis and
performance simulations, the calculated results agree with the
desired values. From the comparison between the target values
and the calculated values, we confirm that both of the results
matched.
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