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A Robotic Cane for Balance
Maintenance Assistance

Phi Van Lam

Abstract—This paper proposes a robotic cane that helps
users to stand and maintain their balance while standing
and walking. The design is based on an inverted pendu-
lum model, uses a smart omnidirectional wheel, and is lin-
earized by the Lie algebra method (LAM) combined with
a nonlinear disturbance observer that estimates the exter-
nal force applied by the user. The hardware and mathe-
matical model of the robotic cane are analyzed in detail.
The hardware design is complete, and considers the weight
and battery capacity. The performance of the controller is
confirmed in three-dimensional simulations and in physical
experiments. The robotic cane tolerates a large fluctuation
angle from its equilibrium point. It also has a fall preven-
tion function, which is among the most desirable functions
of any walking assistance device, and responds quickly to
a human force. The balance maintenance functions are as
follows: self-balance, standing and walking assistance, fall
prevention, and a mechatronic safety mode. In experimen-
tal measurements of the cane in use, the gyroscope sensor
insignificant vibrations on the user’s bodies, verifying the
effectiveness of the robotic cane in daily life activities. The
performance of LAM is also compared with that of the linear
quadratic regulator.

Index Terms—Inverted pendulum, Lie algebra method,
omnidirectional wheel, robotic cane, walking assistance.

|. INTRODUCTION

OPULATIONS are aging dramatically. Especially in de-
P veloped countries, where the estimated number of people
aged 65 or older has escalated from 524 million in 2010 to nearly
1.5 billion in 2050 [1], health care for elderly and disabled peo-
ple has become a serious problem. Walking assistance robots
will play an important role in these problems.

Wearable robots[2]-[9] support walking and movement, but
are quite complicated and must be worn on the leg joints, which
is uncomfortable for the user and risks entanglement in the
apparatuses. Therefore, they are suitable only in designated re-
habilitation centers, and are ineffective in daily living activities.

Manuscript received September 5, 2018; revised February 3, 2019;
accepted February 19, 2019. Date of publication March 27, 2019; date
of current version July 3, 2019. This work was supported in part by
Kanagawa Institute of Industrial Science and Technology. The work of P.
V. Lam was supported by the Otsuka Toshimi Scholarship Foundation.
Paper no. TII-18-2328. (Corresponding author: Phi Van Lam.)

The authors are with the Electrical and Computer Engineering Depart-
ment, Yokohama National University, Yokohama, Kanagawa 240-8501,
Japan (e-mail: info@pvl.vn; fujimoto@ynu.ac.jp).

Color versions of one or more of the figures in this paper are available
online at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/T11.2019.2903893

, Student Member, IEEE, and Yasutaka Fujimoto

, Senior Member, IEEE

Another type of mobility assistance robot is the smart
wheelchair [10], [11], which is mounted on four wheels and
supports users on the seat. Although these wheelchairs are
suitable for elderly and disable users, they are cumbersome
and require a large working or maneuvering space. They may
also require an additional person to operate them. Thus, smart
wheelchairs are limited to home use or to rehabilitation centers
where additional helpers are available.

More flexible assistance robots have been proposed in [12],
[13]. Users of these robots walk while gripping the robot. How-
ever, like wheelchair robots, these robots are bulky, need a large
maneuvering space, and may require additional operators. More-
over, their use is limited to flat surfaces.

The authors of [14] controlled the position of a robotic cane
using three omnidirectional wheels. Besides turning easily, their
robotic cane has a fall prevention functionality which is indis-
pensable for walking assistance devices, but the hardware design
remains bulky and complicated.

Following this first application of omnidirectional wheels
to a robotic cane controlled by dedicated hardware [14], re-
searchers developed robotic canes with a single omnidirec-
tional wheel [15]-[18]. However, their approaches were tested
in simulation studies rather than on real products for practi-
cal applications. Especially, the authors of [19] filed a patent
for their robotic cane design without experimental verification.
The single omnidirectional wheel is more compact than the
omnidirectional ball robot [20] or the three omni-wheeled cane
robot [14], and significantly reduces the size of the robotic cane.
Minimizing the size is important for any assist device.

This paper proposes a robotic cane that helps users to main-
tain their balance, while overcoming the disadvantages of the
earlier designs. The robotic cane uses a specially designed smart
omnidirectional wheel, conferring both compactness and flexi-
bility. The design is based on inverted pendulum theory and is
linearized by the Lie algebra method (LAM). The human force
on the robotic cane is estimated by a nonlinear disturbance ob-
server.

To achieve our target, we adopt a popular mechanical sys-
tem (the inverted pendulum), as our basic model. In previous
studies, the stability of the inverted pendulum was controlled by
various method: fuzzy-logic [21], [22]; basic control loop feed-
back [23]; a linear quadratic regulator (LQR) [24], [25]; Newton
networks [26], [27]; additional sliding-mode control [28], [29],
and a nonlinear disturbance observer [30]. Improving stability
increases the performance of the controller output. The authors
of [31], [32] controlled the velocity and position of a traditional
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inverted pendulum model by two new controllers. The installed
controllers strongly and stably maintained the robot’s position
at the desired point in simulations, but their performance was
not tested in physical experiments. The authors [33] controlled
the torque and velocity of wheeled inverted pendulum motors
in an analytical simulation study, and described the trade-offs
between the control methodologies in different application sit-
uations.

However, the inverted pendulums in the above studies were
stable only around the equilibrium point. Such a small stability
range is unsuitable for walking assistance devices in general,
and robotic canes in particular. To maintain the user’s bal-
ance, all walking assistance devices must stable far from the
equilibrium position. The present paper resolves the equilib-
rium problem through the LAM and the nonlinear disturbance
observer. The LAM is simply applied to the controller and lin-
earizes the robotic cane even when the fluctuation angle largely
deviates from equilibrium. Meanwhile, the nonlinear distur-
bance observer calculates the human force applied to the robotic
cane. Consequently, the robotic cane is equipped with a fall pre-
vention functionality, a highly desirable property of any walking
assistance device.

Another main contribution is the complete hardware design.
Especially, the controller is designed with high accuracy, high
speed, and optimized parameters. We experimentally demon-
strate the strong stable standing and response of the robot to user
behavior. The robotic cane effectively helps users to maintain
their balance. Moreover, the LAM is more stable in self-standing
mode than the LQR method, which generates some vibrations. In
particular, if users begin to fall backward or forward, the robotic
cane quickly restores their equilibrium centers, and we received
much positive feedback from elderly and disabled participants.
The robotic cane also passed the electromagnetic compatibility
test, confirming its safety near human bodies.

The remainder of this paper is organized as follows: Section II
details the hardware of the robotic cane, and Section III obtains
the controller parameters by solving the mathematical equations
of the robotic cane (the LAM and the nonlinear disturbance
observer). The controller is then designed with high processing
speed and accuracy. Section IV demonstrates the performance
of the controller in simulations and experimental tests. The body
vibration is estimated by a sensor gyroscope attached to the user.
The performance of the nonlinear disturbance observer is also
compared with that of LQR. Conclusions and future works are
summarized in Section V.

Il. HARDWARE OF THE ROBOTIC CANE

This section presents the hardware details of the robotic cane.

As shown in Fig. 1, our robotic cane includes a grip handle,
a rod, and a balance control sensor. It has an LED display that
reports the temperature, voltage, and current of the external
battery box, an on/off power switch, and an emergency switch.
The working modes of the robotic cane can be controlled and
changed by a touch sensor, and another LED displays the voltage
of the battery inside the cane’s main body. The position of the
robotic cane is controlled by two brushless motors driven by

gency v
itch LED display

Voltage,
temperature
and current

Fig. 1.

Lateral wheel

Hardware of the designed robotic cane.

Fig. 2.

Structure of the gearbox with lateral and sagittal wheels.

two motor drivers and an encoder. The brushless motors are
protected by plastic covers made by a three-dimensional (3-D)
printer. The frame connects the main body to the omnidirectional
wheel. The angle and velocity of the rod are calculated by a small
Raspberry Pi 3 Model B+ computer inside the main body. The
computer is connected to an X-IMU gyroscope sensor, and is
powered through a SV/3A step-down converter.

The balancing velocity, which maintains the upright position
of the cane, is calculated from the speed and direction of the
motorized omnidirectional wheel.

The balancing velocity is calculated from the speed and direc-
tion of the motorized omnidirectional wheel required to keep the
robotic cane in a substantially upright position. Depending on
the control signal sent from the controller, the algorithm of the
robotic cane either maintains stability around the equilibrium
value or supports the balance maintenance of the user.

Owing to the special structure of the gearbox and omnidi-
rectional wheel (see Fig. 2), the robotic cane can move to the
left or right on the lateral wheels, or backward or forward on
the sagittal wheel, achieving an omnidirectional response to the
speed and rotation direction of the two brushless motors. Fig. 3
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Bevel gear

Fig. 3. Internal structure of the gearbox by using bevel gears and a
harmonic gear.
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Fig. 4. Operation of the gearbox depending on the speed and rotation
of the two brushless motors.

TABLE |
PARAMETERS OF THE HARMONIC GEAR (CSD-20-50-2A-GR-SP)

Explanation | Value | Unit
Reduction ratio 50

Allowable peak torque of the start and stop time 39 Nm
Maximum allowable value of the average load torque | 24 Nm
Maximum allowable momentary torque 69 Nm
Maximum allowable input rotational speed 6500 rpm
Average allowable input rotational speed 3500 rpm

shows the internal structure of the gearbox, consisting of bevel
gears and a harmonic gear.

Fig. 4 shows the operational principle of the gearbox. Op-
posite rotation directions of the two brushless motors elicit
left-right movements of the lateral wheels. Conversely, when
the two motors rotate in the same direction, the sagittal wheel
turns around the motor axis. In this way, we can steer the robotic
cane in any direction depending on the speed and rotation di-
rections of the two brushless motors.

Moreover, the encoders on the motor axis read the real speed
of the robotic cane enabling precise control of the cane’s motion.

The parameters of harmonic gear are given in Table 1. The
harmonic gear is compact and lightweight, with high torque
capability of the sagittal wheel. For balance maintenance during

TABLE Il
PARAMETERS OF THE MOTOR DRIVER (ELMO MOTION CONTROL
G-DCWHI20/100EE)

Value

c
2.
=3

Explanation |

Minimum DC supply voltage 12 \%
Nominal DC supply voltage 85 \Y%
Maximum DC supply voltage 95 \Y
Maximum continuous power output 1600 w
Amplitude sinusoidal/DC continuous current | 20 A
14.1 A

A

28.2

Sinusoidal continuous RMS current limit

Peak current limit

TABLE Il
PARAMETERS OF THE BRUSHLESS MOTORS (HK-4525-520KV)

Explanation | Value | Unit
Stator diameter 45 mm
Stator thickness 25 mm
Motor Kv 520KV | rpm/V
Max continuous Current 100 A
Max continuous Power 4450 w
Weight 470 gram
Outside diameter 56.7 mm
Shaft diameter 5.98 mm
Body length 53.4 mm
Overall shaft length 91.5 mm
Max peak current (2 sec) | 230 A
Max peak power (2 sec) 10.2 kW
Pole pairs 5

standing or walking, the robotic cane determines the output
torque from the two motors.

The rod angle ¢ (Fig. 6) of the robotic cane when moving or
standing is detected by the gyroscope sensor and an accelerome-
ter. To control the balance maintenance, the user’s applied force
is determined from the velocity of the robotic cane. Meanwhile,
the brushless motors are controlled by two DC motor drivers
(Table IT) based on motion control technology. The speed and
torque of the brushless motors (Table III) were selected to max-
imize their efficiency while ensuring easy and perfect operation
by users.

These motor drivers are controlled by the motion signals re-
ceived from the central controller. The control signals depend on
the designed algorithm. The completed hardware of the robotic
cane, including the batteries, weighs 7.0 kg (see Fig. 1). When
the robotic cane is expected to operate for over 1 h without
charging, it is equipped with an outer battery of approximate
mass 2.3 kg (25.2'V, 13.8 Ah).

Fig. 5 is a block diagram of the robotic cane system.

The central controller is a Raspberry Pi 3 Model B+ with
a serial peripheral interface connected to a digital-to-analog
converter circuit. An inter-integrated circuit (12C) interface is
connected to the ADC circuit. To control the robotic cane oper-
ation, a USB interface is linked to the X-IMU gyroscope sensor
module (Table V).
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HK-4525-520KV
Brushless motor
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Fig. 5. Block diagram of the robotic cane system.

TABLE IV
PARAMETERS OF THE GYROSCOPE SENSOR MODULE (X-IMU)

Explanation Value | Unit
Power supply voltage | 3.3t063 | V
Dimensions 33x42x10 | mm
Weight 12 gram
Gyroscope range £2000 degree/s
Accelerometer range +8 g

I1l. MATHEMATICAL MODEL AND DESIGN OF THE
CONTROLLER SYSTEM OF THE RoBOTIC CANE

A. Mathematical Model of the Robotic Cane Based on
the Inverted Pendulum Model

The rotation angles of the omnidirectional wheel are related
to the rotation angles of the two motors as described in (1)
and (2).

)
Opiten = GH% (1
Op — 0
Oron = GGy ——rt )

2

where Opiten, Orols Or, and 07, denote the angles of the major
wheel, minor wheel, left motor, and right motor, respectively,
and Gy and G are the gear reduction ratios of the harmonic
and bevel gears respectively, with Gy = 1/50 (Table I) and
Gp =2.

From (1) and (2), the wheel torques that control the inverted
pendulum in the sagittal and lateral planes are distributed to the
motor torques and control are seamlessly controlled by Egs. (3)
and (4).

1
= —~  TPitc -~ ~ T'Ro 3
TR GHTPth+GBGHTR11 3)
_ 1 1 @
L = GH TPitch GBGH TRoll

The standard coordinate system is shown in Fig. 6. The system
has two basic planes: a sagittal plane (z — z), and a lateral plane
(y — 2). In the sagittal and lateral planes, the robotic cane can
be regarded as an inverted pendulum with one large wheel and

t‘ :
z ¥/
y Yy 0 X
X
Fig. 6. Coordinate system of the robotic cane based on the inverted-

pendulum model.

TABLE V
EXPLANATION OF SYMBOLS

Explanation | Symbol | Unit
Rotational kinetic energy of wheel Ty J
Rotational kinetic energy of rod Ts J
Translational kinetic energy of wheel | T3 J
Translational kinetic energy of rod Ty J
Kinetic energy total T J
Potential energy total 14 J
Inertia of rod Jg kg-m?
Inertia of wheel Jo kg-m?
Viscous friction coefficient of rod Dy N.m.s/rad
Viscous friction coefficient of wheel Dy N.m.s/rad
Length of rod l m
Center of mass of rod le m
Mass of rod m kg
Mass of wheel M kg
Actuation torque T N.m
Actuation torque on the right motor TR N.m
Actuation torque on the left motor TL N.m
Gravitational acceleration g m/s?
Radius of wheel T m
Angle of the rod ¢ rad
Angle of the wheel 0 rad
Disturbance according to ¢ dy Nm
Disturbance according to 6 ds Nm

small wheels, respectively. The torques of the left and right
motors calculated by (1) and (2), respectively, are identical in
the sagittal and lateral planes but differ in their input parameters.

The symbols used in these equations are defined in Table V
and the equations of motion are

d 0L 0L OFy,

s @ % fr —0—d 5
dt 94 9 9 ! )
d oL 0L 0F, _ __ 0 ©

dt 96 00 90
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where L is the Lagrangian and the other symbols are used in

(N=(14).

L=T-V @)
Ll 1o
Fyr = 5D + 5 D40 )
1 ..
N=30 6-¢° )
1.
= §J¢¢2 (10
T3:%Mr2 b—o° (11
2 2
T, = %m (;jt( (0 — @) —lsing) + c(lit(l cos @)
(12)
4
T= T (13)
i=1
V = mglcos ¢ (14)

The transfer function matrix of the inverted pendulum for
analyzing the robotic cane’s motion is computed as

H, H " b —d
11 12 ¢ L 1 (15)
Hy Hy 0 by T —d
The elements of this equation are given by (16)—(20).
Hy = Jy+ (M +m)r*+2mrlcos + J, + ml>  (16)
Hiy = Hy = —Jy — (M +m)r* — mrlcos ¢ 17
Hy = Jy + (M +m)r? (18)
by = —ézmrlsin¢—mglsin¢+D¢<ﬁ (19)
= ¢*mrlsing + Dyb (20)

The torque output to the motor axis, which guides the move-
ment of the robotic cane, is given by

Hy,Hy,
Hy,

H21

Hy — d] +by+dr (21)

T =

B. LAM Linearization of the Nonlinear System

When recast in the form of (22), the motion equations (15) of
the robotic cane are easily recognized as a nonlinear system.

¢ ¢ 0
(5 _ b dy _Hp

- 9 _ Hy . Hy + 6]11 w (22)
i

Defining the following functions the nonlinear system is lin-
earized by the following LAM expression:

B = () + gl @3
y = h(z) (24)
L) = Sf@) = @) )

i=1
The derivative of y by ¢ is expanded as follows:

dy OhOdx _ Oh

= 5o = 52 U@+ glau) = Lih(a) + Lyh(z)u

(26)

_%(

Combining this expression with the following law (27) [34],
with r < n:

LyLi " Vh#£0

@7
Lyh = LyLsh=LyL*h=---

=L,L;" 2 h=

We have the expanded the equations of y by ¢ as shown in
(28)-(30):

y=L¢h (28)
§ = Lh (29)
y") = Ly"h(x) + L, Ly "V h(z)u (30)
where the input value of the controller is calculated by:
—L,"
v — L;"h(z) 31

L0 h(a)

We define y as a function of ¢ and 6 in (32). Hence, the
derivatives of y with respect to ¢ are calculated by (33) and (34)
as follows:

y=0o1(¢) + 02(0) (32)
. 9o (@) . Doa(6) -
Y= 26 o+ 20 0 (33)
o 820'1(¢) ) 820'2(9) bl 80’1 ((b)
=92 YT e ¥ " my as
Hyp 901(¢) _ 002(0)
T H, 06 a6 34
Comparing (34) with the law in (27), we have
H]z 301(¢) 80'2(9) .
H, 96 00 0 3)
From (35), we can find the elements of (32) as follows:
doi(¢) _ Hu
= — 36
99 Hip (36)
902(60) _ ;. (37)

00
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Thus, (32) is redefined as follows: R oL

‘ d=§— K (49)
¢ Hy 9q

0 12 where d is the estimated disturbance, & is the observer state

Similarly, the derivatives of the new variable y are calculated
by (39)-(42). These equations are the linearized equations of
the nonlinear system of the inverted pendulum:

Y= OO Z—quwr 0 39)
= %aﬂé (40)

To simplify the analysis and programming (the relatively sim-
ple equations are easily computed by the microcontroller with
a short control sampling time), we use the expansion (31) with
the derivative rank r = 4. Thus, the input value is given by:

— L¢*h
u:w (43)
LgLf h(x)
The parameters in (31) are similar to those in (44) and (45):
82 H11 H12 . 0 bl H12
L,L¢h = 3y -
oLy (@) 0¢? Hy, Hy, 0¢ Hyp, Hyy
0 Hy Hp,
+2—— 44
a(15]:1'12 H“Z : ( )
o b 0 Hy
Leth(e) = — 2% g2 9 g
rhi@) 0¢* Hy, +3¢3 Hy,
s P Hu by SO HLWD b
0¢* Hi, Hy 0¢ Hy, 09 Hyy
o b b o Hy b °*
Bt St SRR, Wi dliiel O (45)
0¢ Hip Hy 0¢p Hi, Hi
Thus, the controller coefficient is defined as:
3 .
v=— Ai ym— i;)f (46)
i=0

C. Nonlinear Disturbance Observer

The general motion equation of the robotic cane is rewritten
as follows:
d OL OL

— = ——— =Tui—d 47

dt ag oq ™ @7

where, d is the generalized load torque applied by the user.
The state space of the nonlinear disturbance observer [18] is

represented by:

oL

: oL
=K+ K + K o 4 T

aq dq “48)

variable, L is the Lagrangian, and K is the gain of the observer.

The human force f}. in the coordinate system of Fig. 6 is
divided into a vertical component f, and a horizontal component
fx (or fy). These two forces, denoted as d; and d», respectively,
are respectively given by.

di = (=lccosdp —7r)f, —l.singf.
d2 = fo

The forces applied on the robotic cane by the user, and during
movement of the cane by the user, are not measured by a human
force sensor. Translational (x-or y-directional) motion of the
robot is liked to the axial rotation of the robot, while the vertical
(z-direction) relates to the rod movement of the robot. The force
exerted by the user is obtained from the nonlinear disturbance
observer as follows (see also Fig. 8).

(50)
(G

f:z: = d2

r

fz:

(52)

1

- I, dy +rd
l.rsin @ (le cos ¢+ 7)da + rd,

(53)

The angle reference of the rod ¢, is calculated from the
disturbance force d; as:

dres =sin”'; n;g (54)

The wheel angle reference, defining the required distance to
move from the current angle rod ¢y, ren: to the reference rod
angle, is determined as:

lc sin (bref
T

97‘6 = (55)
The wheel angular velocity is simply proportional to the in-
tegral of the human force applied to the rod of the robotic cane
d,, the external torque that tries to rotate the wheel.
- d
O =K; —dt (56)
: r
where K7 is the integral gain.
In terms of the reference parameters, the controller equations
are recast as:

r = —d T +97 (57)
v o Hn ¢
Hyy :
P = ¢ + 0, (58)
le(b
. 0 Hy 5 by
= kv e 59
Y 0¢, Hip Hy 69
poa P 0 b 0 b
0¢,~ Hin 0¢, Hyp 0¢, Hi Hp
(60)



4004

IEEE TRANSACTIONS ON INDUSTRIAL INFORMATICS, VOL. 15, NO. 7, JULY 2019

TABLE VI
PARAMETERS OF THE AXIAL TORQUE SENSOR (CFS080CS102A)

Explanation | Value | Unit
Power supply voltage 5 A%
Dimensions 80 mm
Rated load Fx,Fy,Fz 1000 N
Rated load Mx,My,Mz | 30 Nm
Interface RS422 460800 | bps

Fig. 7. Force sensor attached to the rod of the robotic cane.

and, the coefficients of their equations as (61)—(65):

Hyy = Jy + (M +m)r* +2mrlcos ¢, + Jy +ml*  (61)
Hiy = Hy = —Jy — (M +m)r> — mrlcos o, (62)
Hy = Jy + (M +m)r? (63)
by = —ézmrl sin ¢, — mglsin ¢, + Dy br (64)
by = ¢*mrlsin g, + Dyb, (65)

The torque applied to the robotic cane is calculated from the
measured force F), along the x-axis and the torque M, on the
y-axis as follows:

where [, is the distance along the x-axis from the force sen-
sor CFSO80CS102A (Table VI) to the motor axis, and M, is
demonstrated in Fig. 7.

As an example, the disturbance along the x-axis was com-
pared with that estimated by (49) on the x axis for example.

The results are plotted in Fig. 8. The force estimated by
the nonlinear disturbance observer almost matched the force
measured by the force sensor over the whole period, confirm-
ing the proper working of the designed nonlinear disturbance
observer.

D. Controller of the Robotic Cane

Fig. 9 shows the structure of the controller governed by the
above equations. The coordinate transformation equations deter-

Disturbance d1 ——
Force sensor Fx

Torque[N]

Q"‘«/ﬂ‘\.‘“\,'."‘l‘l, |
: % V \Ld W n}‘ \\\/ ‘1\\/ f

Fig. 8. Comparison of estimated (purple) and measured (green) non-
linear disturbances along the x-axis.

Fig. 9.  Structure of the controller for the robotic cane to assist users in
maintaining balance.

TABLE VII
MEASURED PARAMETERS OF THE ROBOTIC CANE

Symbol [ Sagittal plane | Lateral plane | Unit

Ts le-4 le-4 S

Dy 0.01 0.02 N.m.s/rad
Dy 0.01 0.02 N.m.s/rad
l 0.45 0.50 m

m 6.66 9.0 kg

M 2.60 0.26 kg

g 9.81 9.81 m/s2

r 0.1 0.025 m

mine the current state of the robotic cane. From these coordinate
transformation equations, the nonlinear disturbance observer
calculates the reference signal of the robotic cane.

[V. SIMULATION AND EXPERIMENTAL RESULTS

The hardware of the robotic cane and its controller were
designed in the previous section. This section presents experi-
mental and simulation results. The measured parameters of the
system are given in Table VII.

To ensure the safety of the robotic cane during use, we propose
the following specifications of the controller:

1) The cane angle at which the robotic cane supports balance
maintenance ranges from 0.5 to +0.5 rad.

2) The best working range of the cane angle is from
—0.25 rad to 4-0.25 rad.
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(a) (b)

Fig. 10.  Stabilization of the robotic cane around the balance point in a
3-D simulation: (a) starting point at 0.17 rad; (b) position after 5 s.

‘Angle of the rabotic cane Position of the robotic cane

Angle [rad]
osition (m)

Time (s Time (5]

(a) (b)

Fig. 11.  Angle and position on the sagittal plane of the robotic cane:
(a) angle; (b) position.

3) The feedback speed of the robotic cane responding to the
behavior of the users ranges from —0.3 to +0.3 m/s. This
speed is limited by special needs of elderly users.

In 3-D simulations and experiments, we first consider the
stability of the robotic cane without human support. We then
consider the response of the robotic cane when supporting the
balance maintenance of real users.

A. Simulation Results

A 3-D model of the robotic cane was programmed in the
C/C++ language. The simulation results based on LAM and the
nonlinear disturbance observer were stable around the equilib-
rium position (see Fig. 10).

As shown in Figs. 10 and 11, the robotic cane was initially
angled at 0.17 rad. After reaching the zero point (0.0 rad), it
remained balanced around the zero point [Fig. 11(a) with very
small fluctuations around the equilibrium position (Fig. 11(b)].

Specifically, from a starting angle of 0.17 rad, the robotic cane
reached the equilibrium point (0.0 rad) after 0.3 s. Thereafter,
it slightly fluctuated by £0.005 rad before properly stabilizing
[Fig. 11(a)].

The position of the robotic cane changed more rapidly than
the angle (from approximately —0.42 to —0.62 m during the
same initial period), then varied slightly before stabilizing at
—0.63 m [Fig. 11(b)].

B. Comparison of the Performances of LAM and LQR

Some researchers [24], [25] have stabilized the nonlinear sys-
tem for the inverted pendulum using the LQR method. How-
ever, LQR can only linearize around the zero point, whereas the
robotic cane must operate over a wide range of rod angles.
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Fig. 12.  Angle of the robotic cane on the sagittal plane, calculated by
the LQR method (top) and LAM (bottom).
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Fig. 13. Position of the robotic cane on the sagittal plane, calculated

by the LQR method (top) and LAM (bottom).

In the present controller design, we apply the LQR method
with the simple approximation ¢ = 0 giving sing = ¢, cos ¢ =
1, and ¢32q5 =0.

Assuming also an infinite time horizon, the linearization
quadratic regulator cost function is defined as (67):

(2" Qz 4 u” Ru)dt.

J(u) = 67)

0
The optimal control is given by (68), where K is the steady-
state feedback gain of the controller:

u(t) = —Kux(t). (68)

The robotic cane angles determined by LAM and LQR
method are compared in Fig. 12. The LAM results show higher
stability performance than the traditional LQR results. Espe-
cially from 25 s to the end of the period, the robotic cane based
on the LQR method was unstable, fluctuating between —0.03
and 0.03 rad. During this time, the robotic cane based on the
proposed LAM remained at nearly O rad.

The superior performance of LAM over LQR is consolidated
by the positions of the robotic cane in the two methods (see
Fig. 13). In the LAM-based method, the robotic cane self-
stabilized around O rad with no further movements, whereas
in the LQR-based method, it shifted between —0.05 and 0.05 m
during the first period, becoming unstable after 25 s.

C. Experimental Results of the Hardware Controller of
the Robotic Cane

This subsection tests the control algorithm of the robotic cane.
The robotic cane is various balance situations is photographed
in Fig. 14.
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(a) (b) (d)

Fig. 14. Stabilization of the robotic cane around its balancing point:
(a) without the external battery, (b) with the external battery, (c) support-
ing the user while standing, and (d) supporting walking in the sagittal
plane.
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Fig. 15. Angles around the balancing point of the robotic cane in the
lateral (blue) and sagittal (red) planes.

As shown in Fig. 14(a), the robotic cane balanced around
its equilibrium point when powered by the internal battery. In
this situation, it can operate for 30 min before the battery needs
charging. Fig. 14(b) shows the robotic cane equipped with the
outer battery, which extends the operating time to more then 2 h.

Inboth planes, the angle of the stabilized robotic cane changed
very slightly around the balance point of the cane (40.01 rad
in the sagittal plane, and only —0.006 to 0.001 rad in the lat-
eral plane, from starting angles of —0.32 and —0.12 rad, re-
spectively). The angle fluctuations in both planes are plotted in
Fig. 15.

As shown in Fig. 16, the position of the robotic cane was
almost completely stable around the equilibrium point. The po-
sition showed very small fluctuations around the zero points
(maximum range 1 cm) in the lateral plane, and varied by
£0.01 min the sagittal plane. These results show that LAM com-
bined with the nonlinear disturbance observer enables long-time
balancing of the robotic cane around its equilibrium position
with no external support.

Next, we tested whether the robotic cane can support the
balance of users [panels (c) and (d) of Fig. 14)]. The user is
supported by grasping the handle of the robotic cane when
the cane has stabilized around its equilibrium point [Fig. 14(c)].
When the angle of the robotic cane changes under s small applied
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Fig. 16.  Positions of the robotic cane when stabilized around its bal-

ancing point in the lateral (blue) and sagittal (red) planes.
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Fig. 17.  Angle (top) and position (bottom) of the robotic cane when

helping the user to stand (2-20) s and walk (20-30) s.

force, the cane moves alongside the user, maintaining the user’s
balance throughout the walking motion [Fig. 14(d)].

From a starting angle of 0.025 rad, the robotic cane obtained
the balance point at 2 s. Thereafter, it assisted the standing user
from 2 to 20 s with small fluctuations around 0 rad (Fig. 17).

When the user began walking (at 20-25 s), the angle changed
under the application of a small force, and the robotic cane
moved simultaneously with the user.

In the next experiment, the balance of an unsteady user was
assisted by the cane moving alongside the user. The angle and
position of the robotic cane in this experiment are plotted in
Fig. 18.

As shown in Fig. 19 (a zoom in of Fig. 18), the angle of the
robotic cane fluctuated by only £0.0015 rad between 2.5 and
22 s, when the cane was offering standing support.

When the user began falling backward [Fig. 20(a)], the robotic
cane moved quickly to the standing state with a small posi-
tional vibration, returning the user to the equilibrium point [see
Fig. 20(b)].
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Fig. 18. Position and sagittal angle of robotic cane when helping the  Fig. 21. Balance assistance by the robotic cane. The touch sensor

user to move while beginning to fall backward or forward.

changes the stability mode from self-stability to user support.

Sagit'tal angle of the robotic cane
0.002 | TABLE VIII
BODY VIBRATIONS IN THE LATERAL PLANE OF SEVEN SUBJECTS USING NO
0.001 | AID, A TRADITIONAL CANE, AND THE PROPOSED ROBOTIC CANE
0r Without supporter Traditional cane | Robotic cane
= Subjects (uT) (uT) (uT)
g o001 ¢ Min ] Max Min | Max Min [ Max
2 1 -10 0 -9 0 -4 -1
[=])
g 0002 ¢ Baladng 2 32 41 20 28 22 26
3 -24 -10 -25 -17 -16 -13
0003 ¢ 4 21 9 -12 2 -5 -8
5 12 29 11 20 13 18
-0.004 Starting 6 29 35 30 35 32 34
point 7 2 12 5 11 4 7
-0.005 Average 1.14 8.86 3.57
5 10 15 20 Subjects | Gender | Age|Years] Weight[Kg] Height[m]
Time [s] 1 Male 28 55 1.68
2 Male 30 62 1.72
3 Mal 25 56 1.62
Fig. 19.  Angle of the robotic cane between 2.5 and 22 s (zoom in of 4 Mle 27 53 1.70
Fig. 18). 5 Male 32 58 1.75
6 Male 31 68 1.67
7 Male 26 60 1.60

Fig. 20. Robotic cane helping the user to maintain balance at the start
of falling: (a) user begins to fall backward, (b) the robotic cane changes
its location to restore the user’s balance, (c) user begins to fall forward,
(d) the robotic cane again changes its location to restore the user’s
balance.

During this time (22-35 s), the robotic cane immediately
responded to the angle change, establishing the new position of
the balancing point (Fig. 18).

Similarly, when the user began to fall forward [Fig. 20(c)], the
robotic cane changed its position to support the user’s standing
motion [Fig. 20(d)]. The angle feedback position of the robotic
cane are shown in the 60—80 s period of Fig. 18.

In the self-balanced state, the robotic cane slightly vibrated
around the equilibrium position (1-13 s in Fig. 21). This vibra-

tion is attributable to the design error of the gearbox and the
high-gain controller.

To suppress this vibration, we mounted a touch sensor on top
of the handle (see Fig. 1). When the user grasped the handle with
the touch sensor, the vibration was completely suppressed (after
13 s in Fig. 21), and the robotic cane switched to the assistance
mode.

Table VIII shows the vibration magnitudes of the user’s body
measured by the gyroscope sensor in three user states: without
support, supported by a traditional cane, and supported by the
robotic cane. The measurements were made on seven subjects
(Fig. 22).

As shown in the top panel of Fig. 23, the body vibrations
were largest when the subject walked without a support device
(ranging from —10to 0 x7") and the subject expended the largest
energy in walking. To reduce this vibration, the subject used
the traditional cane for walking assistance, but the vibration
amplitude still fluctuated between —9 and O p7" when the cane
was lifted from the ground (center panel of Fig. 23). At that time,



4008

IEEE TRANSACTIONS ON INDUSTRIAL INFORMATICS, VOL. 15, NO. 7, JULY 2019

Fig. 22. Gyroscope sensor mounted on the body of a user supported
by a traditional cane (left) and the robotic cane (center and right).
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Fig. 23. Body vibrations in the lateral plane of users walking with no
support (top), a traditional cane (center), and the robotic cane (bottom).
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Fig. 24.

the user received no support from the walking aid. In contrast,
the robotic cane attenuated the user’s vibrations to a small range
(—4to 1 pT) and largely reduced the energy of walking (bottom
panel of Fig. 23).

The results of the other subjects are also given in Table VIII.
The robotic cane reduced the body vibrations in the no support
and traditional cane cases by 3.12 and 2.48 times, respectively.

(a) (b)

Fig. 25. Ratchet frame status when a robotic cane support the user
maintain balancing: (a) before open; (b) after open.

Moreover, as confirmed in Table VIII, the balance-support
performance of the controller and nonlinear disturbance ob-
server in the robotic cane is almost independent of user
age.

The ratchet structure shown in Fig. 24 rotates and maintains
the robot’s state at any position, guaranteeing strong and imme-
diate support by the robotic cane.

By using a gear key and a latch switch, the ratchet structure
rotates in only one direction. The angular direction depends
on the latch-switch status, and the ratchet structure is rapidly
opened by releasing a spiral spring when the brake fork is acti-
vated by the user. This structure maintains a stronger status of
the frame in the present state than other structures.

When the user begins falling backward or forward, the brake
fork on the grip handle immediately opens the ratchet structure
and the closed state [Fig. 25(a)] converts to the open state for
stable user support [Fig. 25(b)].

V. CONCLUSION

We designed and fabricated the hardware of a robotic cane
with an omnidirectional wheel and a high speed processing
controller for assisted standing and walking. The controller es-
timates the user’s external force by a LAM-based linearization
system with a nonlinear disturbance observer. In 3-D simula-
tions and physical tests of the robotic cane hardware, the robotic
cane provided better balance maintenance support than previ-
ously proposed methods. The proposed robotic cane proved an
excellent candidate in various assistance modes: self-balancing,
standing assistance, walking assistance, fall prevention, and a
mechatronic safety mode.

In future work, we will reduce the size of the robotic cane
and increase the working time of the batteries before recharging
is required. To lessen the weight and cost of the robotic cane,
we will also investigate a new motor driver for the brushless
motors. We will then test a commercial version of the robotic
cane in rehabilitation centers and hospitals.
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