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An aging society is a serious problem in many developed countries. Due to this issue, there has been a significant
increase in the demand for assist devices that can support human motion. This paper proposes a novel assist device,
Intelligent Tension Pole (ITP), to assist in indoor activities of daily living (ADL), and it is expected to provide sup-
port for achieving self-reliance, space saving, and stability. The structure and control system of this assist device are
presented. This novel assist device is based on a movable handrail, and therefore wheels are added to the lower and
upper ends of the tension pole. In addition, a ball screw, which enables the ITP to move while stretching to the floor
and ceiling at any time using force control, is added. In order to improve user comfort and reduce the risk of falling
down of the ITP, translation and inclination controls of the ITP are applied to the wheel control. These controls are
controlled independently by the mode decoupling method. Experiments are conducted to verify the effectiveness of

the proposed device and its control system.
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1. Introduction

In recent years, an aging society and fewer children
have become serious problems in many developed countries.
While the number of the elderly people who need care are
increasing, the number of the care workers are reducing, and
there are not enough welfare facilities for the needs. More-
over, the rate of elderly people who live alone is in a tendency
toward increasing. So, the assist device for elderly people to
live by themselves is demanded. Especially, walking, stand-
ing up and sitting down are the important movements to live
by themselves. These movements are called as activities of
daily living (ADL) and defined as indispensable basic move-
ments in living. The activity area largely changes whether
they can do these movements by themselves or not. There-
fore, it is important for their quality of lives (QOL) to main-
tain the ability for these movements. To address this issue,
the motion assist device which promotes elderly people to
walk, stand up and sit down by themselves has been attract-
ing attention.

There are many kinds of walking assist device based on the
walker "®. While they have stable structure by more than
four ground points and can support the elderly’s upper body
while walking, it is often difficult to be used in the narrow
space like the corridor because of their wide body. Also, there
are some standing up or sitting down assist devices which are
constructed with the chair part and upper body supporting
part “®. However, many of these devices do not have the
moving mechanism. Thus, while standing up from the bed,
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walking around and sitting down on the toilet are the impor-
tant series of movements in life, there are few devices which
can assist all of these movements without inconvenience. In
late years, wearable assist devices have been studied a lot ©.
These devices have high mobility and can be used under var-
ious environment. However, they can not support the balance
of the body sufficiently, so the users must be able to keep their
own balance by themselves.

As a novel walking, standing up and sitting down as-
sist device, this paper presents the Intelligent Tension Pole
(ITP), which is expected to provide support for achieving
self-reliance, space saving, and stability. The ITP is based on
the tension pole used for supporting standing up and sitting
down mainly. The tension pole has high stability by multiple
ground points and does not need space very much. The prob-
lems of the conventional tension pole include that the activity
area is limited only at setting point and multiple tension poles
are needed to support walking. To solve these problems, the
structure and control system of the ITP are proposed. The
main contributions of this paper are the development of the
ITP structure because there has been no walking, standing up
and sitting down assist device based on the tension pole, and
the development of the control system which the user comfort
and stability are improved.

In terms of the structure, the moving mechanism by wheels
attached on the upper and lower ends of the tension pole,
additionally the expansion and contraction mechanism by
the ball screw are applied so that the ITP can move while
stretching to the floor and ceiling at any time as the movable
handrail. Thereby, the ITP can assist walking, standing up
and sitting down with one device. Also in terms of the con-
trol, the force control is applied to the ball screw control to
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prevent the slip of the ground points of the ITP ®. In addition,
the translation control and inclination control are applied to
the wheel control in order to improve the user comfort and
reduce the risk of falling down of the ITP. Then, these trans-
lation and inclination control are controlled independently by
the mode decoupling method. In this paper, an Inertial Mea-
surement Unit (IMU) which contains a 3-D accelerometer
and a 3-D angular rate sensor is used to detect the human
motion and to use the human motion data for the control in
real time.

The paper is organized as follows. Section 2 gives a de-
scription of the ITP, and the modeling is explained in sec-
tion 3. In section 4, the walking motion estimation with an
IMU is explained. Section 5 explains the control system, and
experiments are carried out to verify the proposed controller
in section 6. Finally, this paper is concluded in Section 7.

2. System Description

In this section, the system description of proposed assist
device is explained. The ITP is constructed with two parts;
wheel part and ball screw part. The human motion is detected
by an IMU. The structure and the use example of the ITP are
shown in Fig. 1(a) and Fig. 1(b).

2.1 Wheel Part The two-wheel and one-wheel are
added to the lower and upper ends of the tension pole. The
space saving is achieved by reducing the number of the lower
wheel and making the structure smaller. For this reason, users
can bring their body close to the device and walk stably and
safely when the users walk while catching the ITP. Further-
more, thanks to the two-wheel structure of the lower end, the
ITP has the passive joint in the pitch direction. It enables to
change the inclination of the ITP and keep the desired pitch
angle under the slope or step environment.

2.2 Ball Screw Part The ball screw is applied to the
ITP in order to achieve the expansion and contraction to the
vertical direction. By adjusting the length depending on the
inclination of the ITP, it can stretch to the floor and ceiling
at any time. In addition, the ball screw enables to control the
tension force between the floor and ceiling.

23 IMU An IMU is attached on the one side foot to
detect the user’s foot motion. In this research, the horizontal
foot acceleration with respect to the ground is measured by
the acceleration and angular velocity data received from the
IMU.

" Ceiling
One-wheel
Ball screw
|
A Two-wheel
~— Floor

(b) Use example

(a) Structure

Fig. 1. Structure and use example of ITP
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3. Modeling

In this section, the modeling of the ITP is described. The
top view and side view of the ITP are shown in Fig. 2(a) and
Fig. 2(b). In addition, the modeling of the ball screw is shown
in Fig. 3. The parameters used for the modeling are shown in
Table 1.

3.1 Kinematics of ITP In the kinematics of the ITP,
two assumptions are considered as below.

® The ITP does not move toward axle direction
® Wheels do not slip
From the first assumption, (1) is derived.

) T 1)
Also from the second assumption, (2) is derived.
A=X = RPpcvvvverrereeiiin i )

T
The variable vectors are defined as X = [d, 0,,,L1,¢1] ,

T
0= [(/)0, 6y, L1, ¢1] . Then, the direct kinematics is expressed
as (3) and the inverse kinematics is expressed as (4).

Where, J ., denotes the Jacobian matrix given as (5).
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(a) Top view (b) Side view
Fig.2. Modeling of ITP
tcoupling Xp
Fig.3. Modeling of ball screw
Table 1. Parameters of ITP
| Parameter H Unit H Name
oV World coordinate
ot Robot coordinate
XY m Position of robot in world coordinate
P COG of lower wheels
B COG of ball screw
G COG of upper wheel
w m Tread between lower left and right wheels
d m Translational distance
R m Radius of lower wheels
r m Radius of upper wheel
o rad Direction angle of lower wheels
o rad Direction angle of upper wheel
0p rad Pitch angle of pole
Ly m Length of pole (constant part)
L m Length of pole (variable part)
My kg Mass of lower wheels
M, kg Mass of upper wheel
M, kg Mass of ball screw
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3.2 Dynamics of ITP  The dynamics of the ITP is ex-
pressed as (6) derived from the Lagrange’s equations.

M@©)9+ H@O,0) +GO) =T

Where, M(6) denotes the inertia matrix, H(0, @) denotes the
centrifugal and Coriolis matrix, and G(6) denotes the gravity
matrix.

3.3 Dynamics of Ball Screw The motion equations
of the motor for the ball screw are expressed as (7) and (8).

Jpb), = T"w’ /0 — -,-Zis ........................ 7
My, = szt - Fjeec - FZ” ..................... 8)

Where, J,, M, are the inertial moment of the motor and in-
ertia of the table, 7', F}"" are the torque and force, 7,7,
F ;¢4 are the reaction torque and reaction force that the motor
receives from the ceiling, and Td” F; dis are the disturbance

torque and disturbance force added to the motor.
4. Walking Motion Estimation with IMU

In this section, how to estimate the human walking motion
with an IMU is explained. One of the control purposes of this
paper is to move the grasping point of the ITP at the same ve-
locity with user’s foot while walking as shown in Fig. 4. This
movement refers to the walking pattern with a cane. In case
of using a cane, the single ground point phase exists when
the user moves the one side foot and the cane at the same
time because it is necessary to lift up the cane to move it.
On the other hand, in case of using the ITP, more than three
ground points are kept at any time while walking because the
ITP can move while stretching to the floor and ceiling at any
time. Therefore, the movement of the ITP like Fig. 4 is effec-
tive, and the user of the ITP can walk more stably than using
a cane. In this paper, the walking phase is defined, and the
human walking motion is divided into the swing phase and
stance phase as shown in Fig. 4. At the swing phase, the ITP
moves together with user’s foot synchronously. And at the
stance phase, the ITP does not move. During the walking, the
IMU sends the horizontal foot acceleration to the controller
in real time.

4.1 Foot Motion Measurement  Assuming the x-axis
is the movement direction and y-axis is the orientation di-
rection of walking, the horizontal foot acceleration “ZZ:;W
expressed as (9).

foot
horizon

foot

1 r . t
=, Ccos 9;00 + a§00 sin 9500 ........... (9)

Where, a/°” and o/*” represent the measurement accelera-
tion of the x-axis and z-axis respectively, and 05 " is the pitch
angle of the foot. The pitch angle 0;"(” is obtained as (10).

9;0{"([) = f QJOOt(t)d[ oo
0

it

Where, 6‘52/ is the initial pitch angle of the foot. Also, the

horizontal foot velocity is expressed as (11) .
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Fig.4. Walking phase and ITP movement
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4.2 Walking Phase Detection The data received
from the IMU must have the drift error during the integration.
The drift error leads to the undesired control response in case
of using the sensor data for the control. To reduce the drift
error effect, the walking phase is used and the value initial-
ization is applied at the stance phase. In this paper, the pitch
angular velocity 6‘;0‘” is used to detect the walking phase; the
swing phase is defined by 6";0'” # 0 or 9;"(”(0 - 9;"(”0 -L)
is large, and the stance phase is defined by 05’"” ~ 0 and
Ogo‘”(t) - Ogom(t — L) is small. L denotes the sampling time.
Figure 5 shows the data process from the IMU to the con-
troller.

foot
horzzon

(n)dt, (t€[0,T]:---

5. Control System

In this section, the control system with the ITP is ex-
plained. First, the Reaction Torque Observer (RTOB) “” are
introduced. Second, the force control applied to the ball
screw is introduced. Third, the mode decoupling method "*
applied to the lower and upper wheel of the ITP is explained.
Fourth, the translation mode to control the position of the
grasping point is explained. Fifth, the inclination mode to
control the inclination of the ITP is also explained. And fi-
nally, the block diagram of the wheel part is described.

5.1 Reaction Torque Observer (RTOB) The Reac-
tion Torque Observer (RTOB) estimates the reaction torque
added to the upper wheel and ball screw. The motion equa-
tion including the disturbance is shown as (12).

Mo =T - (T +

The disturbance torque is compensated by using the Distur-
bance Observer (DOB) “". The disturbance torque caused by
the friction torque 7" is defined as (13).

AL R 5 Y
Where, F is the coefficient of the static friction and D is the
coefficient of the dynamic friction. The reaction torque 7
without 777 can be estimated as (14).

areac

T el MO —T/ric
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Fig.7. Force relation between upper wheel and ceiling

(14) can be transformed as (15) by using the pseudo differen-
tiator.

areac

T

greac

s + greac

(Tref + greacMg - Tfric) - greacMg

In the equation, s is the laplace operator and g, is the cut off
frequency for the pseudo differentiator. The block diagram of
the RTOB is shown as Fig. 6.

5.2 Force Control The force control applied to the
ball screw is expressed as (16).

F;‘ff = K ( Fomd F;eac) .....................

Where, K2 is the force gain, and F}°“ is the estimated reac-
tion force provided by the RTOB. The desired tension force
between the floor and ceiling is generated by using the force
control.

In this study, it is intended that the upper and lower ends
of the ITP do not slip and the ITP does not fall down by the
external force. Therefore, it is necessary to generate the force
command which prevents the slip of the ends of the ITP. In
this paper, the slip between the upper wheel and the ceiling is
focused on. The force relation between the upper wheel and
the ceiling during the control is shown in Fig. 7.

Where, F), is the tension force provided by the ball screw,
F4s is the external force, and F/" is the friction force. The
condition to prevent the slip between the upper wheel and the
ceiling is obtained as (17).

UN > |FU5 + Fy sin 6|

Where, u is the static friction coefficient, and N is the vertical
drag. Because the vertical drag N is provided by the tension
force, (17) is rewritten as (18), and (19) is obtained.

uFycos 6, > |Fd"$ + F sin9p|
|Fdis + Fp sin6,|

......................... 19
pcosf, (19)

Fy >
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Fig.9. Image of inclination control

Then, F¥ and F), sin 6, can be estimated by the RTOB of the
upper wheel as F m'¢. Consequently, it is able to prevent the
slip between the upper wheel and the ceiling by generating
the force command as (20).

| freac
wl

cmd _
B = pcoso,
Where, a denotes the margin force to prevent the slip, so it
must be the arbitrary positive constant number.

5.3 Mode Decoupling Method In this paper, the
mode decoupling method is applied to the lower and upper
wheel of the ITP in order to independently control the posi-
tion of the grasping point to the front-back direction (transla-
tion mode) and the inclination of the ITP (inclination mode).
The images of the translation mode and inclination mode are
shown in Fig. 8(a) and Fig. 8(b).

In case of using the ITP, the most dangerous factor is the
falling down by the external force and slip of ground point. In
addition to the force control of the ball screw, by applying the
inclination control of the ITP, the risk of falling down of the
ITP can be reduced. When the external force is added, the
risk of falling down can be reduced by inclining the ITP to
the opposite direction against the external force. The image
of the inclination control is shown in Fig.9. However, the
inclination change of the ITP influences the position of the
grasping point to the front-back direction, which can cause
the reduction of user comfort. Therefore, it is necessary to
control both the position of the grasping point and the incli-
nation of the ITP independently in order to track both of the
desired position of the grasping point and the desired inclina-
tion of the ITP.

The mode matrix can transform each physical parameter of
the systems into the virtual modal parameters. In this paper,
the second-order mode matrix @, is defined as (21)

1 L, L,
S La+L | -1 1

2,

Where, L, and L, are the length from the grasping point to the
ground point of the ITP at the ceiling and floor respectively.
Each position of the grasping point and the inclination of the
ITP is transformed into the modal space as (22) by using the
second-order mode matrix Q,.
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Where, x, and x4 are the translational position of the grasp-
ing point and the inclination of the ITP respectively. The
modal acceleration references )'c';ef and )'c'gef are realized and
distributed into each lower and upper wheel by using the in-
verse mode matrix as shown in (23).

R ¢re f

ref
r¢ref Q2 |:_x;€f]

5.4 Translation Mode In the translation mode, the
virtual impedance command generator and the P control are
applied to the position of the grasping point control in modal
space. The P control enables the grasping point of the ITP to
move same velocity as the user’s foot. However, in case of
applying the only P control, the big acceleration change of the
ITP is produced, especially at the start and end of step. It is
not so good for user in terms of the user comfort. In order to
suppress the big acceleration change, the virtual impedance
command generator using the virtual force is applied. At first,
the virtual force is expressed as (24).

foot
ol horizon

F. =Dy

Where, F is the virtual force command, and D, is the virtual
viscosity coefficient. Then, the virtual impedance command
is designed as (25).

M. + D™ =

Where, M. and D, denote the virtual mass and virtual
damper, o™ and v denote the acceleration and velocity
command to the grasping point in modal space. The acceler-
ation reference is expressed as (26).

f Kg( cmd x;eb) ...................
Where, K is the velocity gain. Accordingly, the lower and
upper wheel rotate so that the position of the grasping point
tracks the human foot speed while suppressing the acceler-
ation change by the virtual impedance command generator
and P control.

5.5 Inclination Mode In the inclination mode, the
PD control applied to the inclination control of the ITP in
modal space is expressed as (27).

ref KH( cemd res) + KH( cmd xges) ........
Where, K is the position gain and K{ is the velocity gain.
The lower and upper wheel rotate so that the desired inclina-
tion is realized quickly by the PD control. The command of
the inclination xg’”" is defined by the stability of the system
including the human and ITP. To consider the stability of the
system, the Zero-moment point (ZMP) and Center of gravity
(COQ) is applied.

The ZMP is a point on the ground where the total moment
generated by the gravity and inertia becomes to zero as shown
in (28).

Y mix; (2 + g) — X mifizi — 7 LyByy
2imiZi+g)

Xzmp =

Where, m; is the mass of the robot or human, x;, y;, z; are the
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Fig.10. System model of human and ITP

positions of the center of mass in each body, /; is the iner-
tia component, and 6; are the angular acceleration. When the
floor reaction force can be measured, the ZMP is obtained as
(29).

Z? fixzi
25 i
Where, x,; is the position of the ground point, and f; is the

measured floor reaction force. The ZMP is also known as the
center of pressure. Also, the COG position is defined as (30).

Xzmp = S (29)

Zi m;Xci

2im;

Where, x,; is the position of the center of mass in each body.
In this research, the system of the human and ITP is modeled
as the two rigid bodies leaning against each other as shown
in Fig. 10.

Where, my;, and m,, are the mass of the human and ITP, Lg
and Ul‘ are the length from the center of mass of the human
to the grasping point and to the ground point of the human at
floor, Ly and L, are the length from the center of mass of the
ITP to the grasping point and to the ground point of the ITP at
floor, and xz and xy are the inclination of the human and ITP,
respectively. Then, the ZMP position is derived from (31).

Xeog = S (30)

mp (Lo + Ly) sin (xg) + my, (L + L) sin (=x2)

XzZmMp =
my +my
................... (31)
Also, the COG position is derived from (32).
mp Lo sin (xg) + my,L" sin (—x"
XcoG = 0 ( 9) .......... (32)

mp +my
The most stable condition of this system is expressed as (33).

XzZMP = XCOG

Therefore, the command of the inclination x C’”d is derived

from (34)
Lhmh
xcmd = sin 1( 1 sin _xh ) .................... (34)
; - Sin (3)

Howeyver, the inclination of the human xZ can’t be measured

because no sensor to measure the inclination of the human
is attached. Then, the estimated reaction torque of the upper
wheel is usable to estimate the inclination of the human. Fig-
ure 11 shows the system model and the external force from
the human.

Where, F! g and F' {’ are the external force from the human

IEEJ Journal IA, Vol.7, No.2, 2018
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Fig.11. System model and external force from human
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Fig. 12. Block diagram of whole system

added to the grasping point and the upper wheel. The mo-
ment balance of the human is derived from (35).

mugL} sin (xp) = F§ (Lj + Lf) cos (xf) -+ (35)
Then, F 6’ is obtained as (36) by rewriting (35).
Lh
h —_ 1 ......................
0= Lg N L'I’ myg tan (xg) 36)
In addition, F” is derived from (37).
L
h b h
e 37
YL+, 7)

Therefore, the estimated reaction torque of the upper wheel
is expressed as (38).

=reac
Twl

rL,L!
(Lq+ Ly) (L + L

~reac _
Tul

)mhg tan (XZ) ..........

As a result, the inclination of the human xZ can be derived
from the estimated reaction torque of the upper wheel 7,7
as (39).

F(Ly + Lp)(L¢ + L)
I — tan~! ( wl \a (|

%o rLbL’l‘m,,g

5.6 Block Diagram The block diagram of the whole
system is shown as Fig. 12. In this system, the force con-
trol is applied to the ball screw, and the mode decoupling
method is applied to the wheel part. In modal space, the vir-
tual impedance command generator and P control are applied
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Table 2. Experimental parameters

Parameter H Value H Name

K? 70.0 Velocity gain of lower wheels
Kl‘l 400.0 Position gain of upper wheel
K? 40.0 Velocity gain of upper wheel
M. 30.0 Virtual mass of compliance control
D, 100.0 Virtual damper of compliance control
D, 100.0 Virtual damper of compliance control
K,f“” 4.0 Force gain of ball screw
g™ 50.0 || Cut off frequency of DOB of lower wheels
g"! 50.0 Cut off frequency of DOB of upper wheel
gl 50.0 Cut off frequency of DOB of ball screw
gul. 50.0 || Cut off frequency of RTOB of upper wheel
ghall 50.0 Cut off frequency of RTOB of ball screw
et 20 Margin force
U 0.7 Static friction coefficient (assumption)
L, 1.12 ITP length from grasping point to ceiling
Ly 1.45 ITP length from grasping point to floor
Ly 0.85 ITP length from COG to grasping point
L 0.60 ITP length from COG to floor
Lg 0.60 || Human length from COG to grasping point
Ll 1.00 Human length from COG to floor
my, 44.0 Mass of ITP
my, 76.0 Mass of human

to the control of the position of the grasping point, and the PD
control is applied to the control of the inclination of the ITP.
The control objects x, and x, in modal space are transformed
into the joint space by the inverse mode matrix Q, !, and these
responses are obtained by the mode matrix Q,.

6. Experiment

The effectiveness of the proposed control system is evalu-
ated through two experiments.

6.1 Experiment Condition The parameters used in
the experiments are shown in Table 2.

6.1.1 Condition of Experiment 1 The translation
mode is tested. The position of the grasping point is con-
trolled to move together with user’s foot synchronously.
Then, the command of the inclination is set as xg’”" = 0. The
walking data of four forward steps received from the IMU is
input to the robot control in real time. The output of the pro-
posed control by the virtual impedance command generator
and P control is compared with the output without the pro-
posed it, in terms of the user comfort by using the index of
the ISO 5349-1 . It is derived by the acceleration response
as shown in (40).

Where, a; is the frequency-weighted acceleration, a; is the ac-
celeration in one-third octave band in each frequency, and W;
is the weighting factor. So, the acceleration, the moving dis-
tance of the grasping point, and the result of the ISO 5349-1
are observed in the experiment 1.

6.1.2 Condition of Experiment 2 The inclination
mode is tested. The external force from the human is added
to the ITP. Then, the command of the translation is set as
x™ = 0, and the threshold is set as x§™ = 0 for [7/%| < 0.1.
The estimated reaction torque of the upper wheel, the inclina-
tion response, and the stability from the positions of the ZMP
and COG are observed in the experiment 2.

6.2 Experiment Result  The results of the experiment

IEEJ Journal IA, Vol.7, No.2, 2018
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Fig. 14. Moving distance of foot and grasping point

Table 3. Index of ISO 5349-1
‘ Method H Average of a,[m/s?] |
Without Proposed Control 0.054
With Proposed Control 0.028
2 T
1.57
— 1T
£
Z.057
g of
gl
c-0.5
=
17
-15)
2 0

Time [sec]

Fig. 15. Estimated reaction torque of upper wheel

1 and the experiment 2 are shown and explained.

6.2.1 Result of Experiment 1 Figure 13 shows the
horizontal acceleration of the foot received from the IMU and
the grasping point. Thanks to the virtual impedance com-
mand generator, the acceleration change is suppressed. Fig-
ure 14 shows the moving distance of the foot received from
the IMU and the grasping point, and the inclination response
of the ITP. Due to the application of the virtual impedance
command generator, the position response has a little delay,
but the undesired moving is prevented. Moreover, thanks
to the mode decoupling method, the desired inclination re-
sponse is obtained regardless of the translational moving. In
addition, Table 3 shows the results of the ISO 5349-1 whose
values are the average of four times four forward steps. From
the result, the user comfort is improved by the proposed con-
trol.

6.2.2 Result of Experiment 2 Figure 15 shows the
estimated reaction torque of the upper wheel, and Fig. 16
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Fig.17. Position of ZMP and COG

shows the inclination command and response of the ITP, and
the translation response of the grasping point. The inclination
control is conducted accurately according to the estimated re-
action torque of the upper wheel. Moreover, thanks to the
mode decoupling method, the desired translation response of
the grasping point is obtained regardless of the inclination of
the ITP. In addition, Fig. 17 shows the positions of the ZMP
and COG, and the difference between these positions. From
the result, the difference between the positions of the ZMP
and COG is suppressed. Therefore, the inclination control
which maintain the stability of the system including the hu-
man and ITP is realized. As a result, it is expected that the
risk of falling down of the ITP is reduced.

7. Conclusion

In this paper, the structure and control system of a novel as-
sist device, Intelligent Tension Pole (ITP), to assist walking,
standing up and sitting down in indoor are proposed. There
are few devices which focus on assisting all of three mo-
tions without inconvenience by size or stability, though many
kinds of the motion assist device are developed. Therefore,
the ITP is proposed which is expected to provide support for
achieving self-reliance, space saving, and stability. Wheels
are added to the lower and upper ends of the tension pole.
In addition, the ball screw which enables the ITP to move
while stretching to the floor and ceiling at any time by the
force control is added. In order to improve user comfort and
reduce the risk of falling down of the ITP, the translation con-
trol and inclination control of the ITP are applied to the wheel
control. These controls are controlled independently by the
mode decoupling method. The validity of the proposed con-
trol system was tested through experiments. The translation
mode and inclination mode control was conducted indepen-
dently according to the movement of the IMU attached on
the foot and the estimated reaction torque of the upper wheel
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respectively. Thanks to the proposed method, the accelera-
tion change and undesired moving are suppressed. Therefore,
the user comfort is improved. In addition, the stability of the
system including the human and ITP is maintained regard-
less of the external force from the human. As a result, it is
expected that the risk of falling down of the ITP is reduced.
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