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Abstract This paper presents the design and control
of a novel assistive robotic walker that we call “JAIST
active robotic walker (JARoW)”. JARoW is developed
to provide potential users with sufficient ambulatory ca-
pability in an efficient, cost-effective way. Specifically,
our focus is placed on how to allow easier maneuver-
ability by creating a natural interface between the user
and JARoW. For the purpose, we develop a rotating in-
frared sensor to detect the user’s lower limb movement.
The implementation details of the JARoW control algo-
rithms based on the sensor measurements are explained,
and the effectiveness of the proposed algorithms is ver-
ified through experiments. Our results confirmed that
JARoW can autonomously adjust its motion direction
and velocity according to the user’s walking behavior
without requiring any additional user effort.

Keywords welfare robotics, active walker, natural
interface, proximity sensor, easy maneuverability

1 Introduction

The elderly population is growing fast all over the world.
Japan is the most rapidly aging country, and its pop-
ulation aged 65 or above rose to more than 21 percent
of the whole population in 2008. Japan is projected to
become a super-aged society where those aged 65 or
above account for about 36 percent by 2050. Popula-
tion aging will cause significant challenges of caregiving.
Therefore, for instance, a personal assistive mobility de-
vice is strongly desired to keep the elderly independent.

G. Lee, T. Ohnuma, and N.Y. Chong

School of Information Science,

Japan Advanced Institute of Science and Technology (JAIST)
1-1 Asahidai, Nomi, Ishikawa 923-1292, Japan

E-mail: {geun-lee, t-ohnuma, nakyoung}@jaist.ac.jp

Nak Young Chong

Fig. 1 JAIST active robotic walker (JARoW) prototype

Recent advances in robot technology have made it pos-
sible to design a wide variety of assistive devices [1]-[3].
Specifically, robotic walking aids have been developed
for the elderly and/or lower limb disabled people. No-
table examples include robotic wheelchair [4][5], robotic
cane [6][7], powered exoskeleton [9]-[11], and robotic
walker [12]-[18]. These mobility assistive devices pro-
vided users with a certain level of ambulatory capability
toward independent living. However, there remains fur-
ther progress to be made toward more widespread use
of such devices. There are many points of consideration
when developing a walking aid for the elderly. A major
premise is that the elderly are slow in behavior and not
familiar with mechanical or electronic controls. More-
over, they want to be able to continuously use their
own device in daily routines. They need to go to an ele-
vator or bathroom, and navigate in a narrow, crowded
hallway.

The main purpose of this paper is to present our new
development that we call “JAIST active robotic walker



(JARoW)” as shown in Fig. 1. The JARoW prototype is
developed to provide potential users with sufficient am-
bulatory capability in all directions and easy-to-use fea-
tures. What is the most important aspect from the prac-
tical point of view is to develop an active yet compact
prototype not requiring any artificial controls. There
is always a challenge on how to design a natural user
interface. For the purpose, we employ a pair of rotat-
ing infrared sensors detecting the location of the user’s
lower limbs. Based on the results obtained from prelimi-
nary experiments, two main control algorithms are pro-
posed, enabling to control JARoW without any special-
purpose artificial interface. The control algorithms esti-
mate the location of the user’s lower limbs in real time,
and allow the potential users to walk naturally. This
paper details how to realize the walker control algo-
rithms to facilitate the use of the proposed interface.
We perform extensive experiments to demonstrate the
effectiveness of both the interface and the control al-
gorithms for the JARoW prototype in our laboratory
environment.

The rest of this paper is organized as follows. Sec-
tion 2 gives a brief description on the state-of-the-art of
robotic walkers and their interfaces. Section 3 presents
mechanical design, fabrication, and integration of the
JARoW prototype. Section 4 introduces the prelim-
inary test results for the interface system. Section 5
describes the main control algorithms that will induce
the desired motion of JARoW. Section 6 illustrates ex-
perimental results and discusses our future directions.
Section 7 draws our conclusions.

2 Background

For the elderly and/or lower limb disabled people, there
have been many examples of prototype and robotic
walking aids such as robotic wheelchair [4][5], robotic
cane [6][7], robotic crutch [8], powered exoskeleton [9]-

[11], and robotic walker [12]-[18]. Among them, wheelchairs

[4][5] are the most widely used mobility aids. Unan-
ticipated problems reported include muscle weakness
due to long-time sitting or mental stress from the lower
line-of-sight. Powered exoskeletons [9]-[11] supply the
activation-energy for limb movement. However, the el-
derly most probably find it very uncomfortable to wear.
It is also troublesome to wear and unwear repeatedly
whenever needed. Robotic walkers can be further di-
vided into passive [12]-[15] and active walkers [16]-[18].
The features of passive walkers include low cost, simple
structure, and compact size, which enable them to be
easily fit for use in our daily environment. However, it
is deemed to be unsafe for the elderly to use the walker
on uneven/slope terrain. On the other hand, the active

walkers provide both transportation aid for indoor and
outdoor use and ambulatory rehabilitation. The prob-
lems with the active walkers are that they are still bulky
and costly. Moreover, their complicated operation often
requires considerable skill to use, and careless operation
may cause an accident.

A simple and user-friendly interface is of particu-
lar importance. In detail, the user interface should be
able to adapt to users with different levels of physical
and mental functionality. Users should be easy to learn
it and then be able to use it naturally. These inter-
face can be broadly classified into direct and indirect
types, according to whether the user’s command or in-
tention is directly passed to the walking devices. Di-
rect interfaces include joysticks [19]-[21], switches and
buttons [22][23] (or touch screens [24]-[26]), and voice
communications [27][28]. To offer more sophisticate in-
teractions, studies using force sensing and control are
presented in [14][19]. When the joystick is moved in any
direction during walking, vibrations may appear due to
the foot strike or uneven terrain. Toward simpler and
easier controls, switches and buttons [22][23] or touch
screens [24]-[26] have been developed and applied to the
robotic walker or the robot guide. As compared with
the joystick, due to their discrete or intermittent oper-
ation, mental workload might increase. Moreover, the
interface may cause a confusion for elderly users, which
might result in an accident. Recently the user inter-
faces using voice communication have been presented
in [27][28]. The voice communication has an advantage
of transferring effective high-level commands as a bi-
lateral communication tool. However, there are criti-
cal problems such as interference and recognition to be
resolved. At the opposite end, indirect user interfaces
recognize the user’s motion and/or intention without
requiring manual operations. Several examples include
the visual recognition using cameras [29][30] and hu-
man gait detection based on pressure sensors [31][32].
However, we need to incorporate an elaborate recogni-
tion algorithm and high performance devices into the
visual recognition system. Human gait detection also
requires an additional device worn on the human body
and its outdoor environments remains a difficult prob-
lem. To overcome those limitations of existing indirect
interfaces, we attempt to develop a novel natural inter-
face system in this work.

3 System Description
3.1 Mechanical Design

Our mechanical design concept is to assist the elderly
to do their daily routines. Due to its compact size: 825



Fig. 3 Specification and notations of the base frame

~ 1000 mm in height, and 880 mm and 770 mm in
horizontal diameters, it is considered to be suited for
use in various environments including narrow hallways
or elevators. See Figs. 2 and 3. The outline is a circu-
lar shape to reduce possible collisions with obstacles or
walls. Its light weight of 20 kg is achieved by the use of
an aluminum alloy.

As shown in Fig. 2, JARoW has three main struc-
tural parts: base frame, upper frame, and connecting
rods. The base frame is to support the superstructure

and is directly connected to three omni-directional wheels.

The base frame is equipped with proximity sensors de-
tecting the user’s lower limb location. The length of
the connecting rod can be changed up to 175 mm ac-
cording to the height of potential users. The users are
able to lean their upper body forward and place their
forearm onto the upper frame. As illustrate in Fig. 3,
the JARoW prototype has its local coordinates 7, and
7. Here, 7, defines the vertical axis as its heading di-
rection, and 7, denotes the horizontal axis by rotating
7, 90 degrees counterclockwise. The center position is
denoted as p.. Finally, S; and Sy denote the positions
of a pair of proximity sensors.

Fig. 5 User interface system: (a) sensor module components, (b)
front view of sensor module, (c¢) side view of sensor module

3.2 Wheel Drive System

The wheel drive system includes the drive-train, the
interface system, and the main controller as shown in
Fig. 4. We use a laptop PC that runs on Microsoft’s
Windows XP as the main controller on top of the upper
frame. Further details of the main controller’s functions
will be explained in Section 5.

The drive-train is composed of three omni-directional
wheels, three motors fully equipped with encoder and
a 34:1 gear reduction unit, three motor drivers, and
the motor controller. Three omni-directional wheels are
mounted underneath the base frame 120 degrees apart
from each other, allowing the walker to move forward
and backward, slide sideways, and rotate at the same
spot. Such omni-directionality provides a very efficient
means of direction control in highly cluttered environ-
ments. The maximum stall torque is determined in such
a way that JARoW accommodates up to 90 kg. It is re-
ported that the average maximum walking speed for
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Fig. 7 Input-output relationship of the 10-bit A/D converter

elderly pedestrians is 4.8 km/h on flat terrain [33].
The maximum continuous torque is determined to meet
the maximum velocity requirement, 6.58 km/h, of the
drive-train. Thus, the prototype is believed to be capa-
ble of supporting the elderly with trouble walking and
those with weakened leg muscles.

In practice, we detect the location of the user’s lower
limbs inside the base frame using the infrared sensors
rotating about their vertical axis. As presented in Fig.
5, the interface system is composed of a pair of infrared
sensor modules and their controller. Each sensor mod-
ule has the MiniStudio MiniS RB90 servo motor and
the Sharp GP2Y0A21 infrared sensor, mounted on top
of the base frame (see Fig. 4). The Atmel ATmegal28
microcontroller controls each servo motor rotating the
infrared sensor and feeds the measured data to the main
controller. Fig. 6 indicates the diagram for the control
architecture of the interface system. The sensor con-
troller forwards the control signal to each sensor mod-
ule, which controls the rotation angle and speed of the
servo motor by pulse width modulation. In addition,
the analog output voltage representing the sensor-to-
surface distance is fed to the controller and converted
to 10-bit digital values. In Fig. 7, the black solid line
and the red dashed line indicate the analog output volt-
age and the converted digital value, respectively. The
infrared sensors can measure a distance range from 12
cm to 180 cm. Inside the base frame, we only use a
range of 12 - 70 ¢m. Based on the analog-digital dis-
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Fig. 8 Schematic for the overall control flow
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Fig. 9 Preliminary lower limb measurement test

tance relation, the effective range is divided into three
sections, and the linearized digital values represented
by the red dashed lines in Fig. 7 are used to measure
the surfaces of lower limbs.

3.3 Control Architecture

Fig. 8 shows the overall control flow schematic. The in-
put to the main controller includes the lower limb po-
sition data obtained from the interface system. Based
on the data, the observation algorithm estimates the
current location of the lower limbs with respect to the
walker’s local coordinate system. Then, the motion con-
trol algorithm outputs the desired velocity matrix for
each motor at each time step. Details of these algo-
rithms will be explained in Section 5.

4 Preliminary Analysis of Interface System

In this section, we present and summarize the prelimi-
nary test results for the proposed interface system. The
interface allows the user to control JARoW without any
effort using the main control algorithms.
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Fig. 10 Shin measurement results at o and § performed in Fig.
9

4.1 How to detect the lower limb movement?

JARoW is designed to provide potential users with sim-
ple yet effective control of moving it forward, backward,
and turning even in crowded and compact areas. We
estimate the user’s lower limb states using the infrared
sensors. It enables automatic control of the JARoW
velocity, without employing electronic devices worn on
the user body or manual controls such as joysticks or
touchpads. We attempt to replace the burden of so-
phisticated hardware, software, and heaps of hard-to-
remember safety and operating rules with the proposed
user interface. JARoW moves to a desired position and
direction, corresponding to the user’s lower limb po-
sition relative to its base frame. Now the question is
where and how to measure the position of the user’s
lower limb?

Fig. 9 shows the test scene, where we measured the
distance of two consecutive right footsteps at the pre-
determined positions o and 5. The right leg moved for-
ward 100, 260, and 520 mm, respectively. We collected
300 sets of measurements. The results for the 520 mm
interval are presented in Fig. 10 and Table 1. In Fig.
10, the error bars represent the 95% confidence intervals

Table 1 Comparison of data measured at o and 3 (mm)

a B a—p

mean max. min. | mean max. min. mean

toe 733.7 691 769 186.1 167 207 547.6
ankle | 803.9 772 868 341.7 324 354 462.1
shin 808.7 758 868 368.2 325 396 440.5
knee 753.8 710 852 376.3 318 437 377.5
thigh | 746.8 706 844 367.8 310 412 378.9

Fig. 11 Lower leg modeled as a cylinder with a radius d

and the boxes indicate distributions of measured data
in the range of 25% to 75%. Table 1 shows the mean
values, minimum values, and maximum values at o and
B. Moreover, a — 8 indicates the mean of measured in-
terval distance. Similar results were also observed in
other intervals.

From the results in Fig. 10, the toe interval is the
closest to the actual footstep interval. The higher mea-
suring location in the leg, the worse results we obtained.
This is due to possible changes in knee angle. However,
the proximity sensors are difficult to be mounted as
the same level as the toes. Some potential difficulties
and problems include: 1) toes may disappear from the
sensing area due to elevation changes, and 2) the prox-
imity sensors may collide with the terrain. As a second
best option, we determine to measure the shin location,
since the shin data showed a uniform distribution and
a near-constant value. The lower leg can be modeled as
a cylinder with a radius d as shown in Fig. 11. As a
pair of infrared sensors rotate a certain angle horizon-
tally, the shin location measurement can accommodate
individuated lower leg movements.

We compared the accuracy of the shin distance mea-
surement between the infrared sensor and one of the
most widely used laser sensors (Hokuyo Ltd.’s URG-
04LX). Fig. 12 illustrates the result of 300 trials where
the error bars represent the 95% confidence intervals
and the boxes indicate distributions of measured data
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in the range of 25% to 75%. As can be seen from the
figure, the laser sensor outperformed the infrared sen-
sor in terms of accuracy, but the infrared sensor also
showed reasonably good accuracy.

4.2 How to estimate the walking state?

Now we estimate the walking state using the shin dis-
tance measurements. As illustrated in Fig. 13, for in-
stance, the forward, backward, and halt state are iden-
tified from the raw infrared sensor measurements. The
area within the base frame is represented as a rectangle
with 600 x 700 mm, and is further divided into six rect-
angular grids. Each grid is numbered from the upper
left to lower right. We empirically saw five shin location
patterns. If the shins are detected at #III and #IV, it
is considered as the halt state. It is assumed that the
left lower leg and the right lower leg are located at the
oddly and the evenly numbered grids, respectively. If
one shin is detected at #III or #IV and the other is
detected at #I or #II, it is considered as the forward
state. Likewise, when either of the lower legs is located
at #V or #VI, it is considered as the backward state.
For the halt state, the main controller outputs the ve-
locity matrix with all zero elements. When either the
forward or backward state is identified, the elements of
the velocity matrix have a certain set of values.

5 Main Control Algorithms

5.1 Observation Algorithm

The key to the observation algorithm lies in obtaining
reliable measurements of the shin locations. The obser-

vation algorithm is implemented through the following
three steps. First, the measurement step constructs two

observation by
IR sensors

halt
state

forward
state

backward
state

Fig. 13 Preliminary test for mobility state identification

one-dimensional arrays in a memory of the main con-
troller as illustrated in Fig. 14-(a). As each sensor S;
scans +30 degrees at regular intervals in Fig. 14-(b),
the distance to the shin is recorded in the correspond-
ing cell of the first array. At the same time, the servo
motor angle is recorded in the second array so that the
distance array corresponds to the motor angle array.
Then, the controller checks their distance array cells
that contain a non-zero value (from the lower bound
dpmin to the upper bound d,,,..) and reads the corre-
sponding angle array cells.

Secondly, the extraction step extracts reliable data
from the output of the measurement step, and trans-
forms it into the JARoW coordinate format. For the
purpose, a 30 x 30 2-D grid with 3 ¢m x 3 ¢m unit
cells is built. Using the distance and angle array data,
the position estimates are stored in the corresponding
cell as an integer intensity value. Once a full 60 degree
scanning is completed, as illustrated in Fig. 14-(c), the
Sobel edge detection algorithm [34] improves the origi-
nal surface detection data.

Thirdly, the calculation step is to calculate the shin
locations. After collecting the cells with the non-zero
value from d;,;n, t0 dmaz based on the output of the ex-
traction step, the three feature points, Pymin, Pmaz, and
ps are specified using dyin, dmaz, Cdis and their corre-
sponding cells in the angle array, respectively. For pg, by
computing the average of a sequence of numeric values
in the angle array, the cell containing the value equal or
closest to the average is selected, and the center angle
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Fig. 14 Illustration of the observation function

Cang 0 this value is set. The distance cell correspond-
ing cung is defined as the center distance cq;s. Thus, ps
is computed based on cg;s with the minimum distance
value among the cells and cqpg. To identify the shin
shape, the following two conditions should be further
satisfied. The first condition checks whether the radius
of curvature is reasonably similar to the shin shape.
The second condition tests whether the two line seg-
ments Prinps and PmazDs are symmetric with respect
to the JARoW’s vertical axis, and the angle between
them falls within a certain range. Through the above
process, if the shin is recognized, its center point p; can
be obtained by adding cg;s to the radius d (see Fig. 14-
(d)). Consequently, at time ¢, the observation algorithm
outputs the left and right lower leg locations, p;+ and

Drt-

ry
-
S}%z | mode | state |

0 halt
+2 11 ]f 2 - +1 step right/left
[ 1l ¥ +2 move forward
olln‘__’IY() -2 turn right/left

Fig. 15 JARoW motion control state

5.2 Motion Control Algorithm

There are four types of walking states, each of which
corresponds to a particular lower leg placement as shown
in Fig. 15. For safety reasons, backward motion is re-
placed by combining turning back and forward motion.
Here g;+ and g, denote the grids occupied by the left
and right legs, respectively, at time ¢. Similarly, g;+—1
and gr;—1 denote the grids occupied by the left and
right legs, respectively, at time ¢ — 1. Now the walk-
ing state at ¢ is determined by subtracting g;; (or g, )
from g;—1 (or gr—1). For example, if p; ;—1 and p, 41
belong to #III and #IV, and p;; and p,; belong to
#II1 and # VI, respectively, the walking state is -2, and
the walker begins its turning motion to the right. The
travel distance d, or the rotation angle 6, is computed
as follows. First, d, is given by

d. = df/2a (1)

where dy indicates the stride length of either the left or
the right foot. Empirically, the denominator in (1) is se-
lected such that the upper body (or the walker) moves
one-half the stride length. Secondly, let us say that we
have a triangle at t formed by connecting the three
points pet, prt, and p,;—1 in Fig. 16, where p.; indi-
cates the centroid of the walker at ¢, and p,; and pr+—1
are the right leg positions at t and t— 1, respectively. d,
ds, and d¢—; denote the side lengths of Apc ¢pytpr i1,
respectively. Using Heron’s formula [35] in geometry,
the area A, of Ape ¢prtpri—1 can be calculated by:

Ar = /5(s = di)(s — dy1)(s — dy), (2)

where s is the semiperimeter of Ap. 1pr +prt—1 given by
(d¢ + d¢—1 + df)/2. dy denotes the distance from pe
to an intersection point p; between 7, and Dy pri—1.
Using the sine formula, A, is computed:

1
A, = §dzdfsin9T. (3)
Now 6, is obtained:

2A,
i) (4)

0, = sin"Y(



Fig. 16 Computation of the turning angle 6,
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Fig. 17 The shin distance measurements by the observation al-
gorithm

Based on p;; and p,.; of the observation algorithm,
the main controller identifies the grids that correspond
to the shin locations. Next, the control mode is calcu-
lated with d,. or 6, using (1) and (4). Diving d, and 0,
by the sensor measurement time interval, the controller
obtains the desired walker velocities %, 7, and 6,. The
rotational velocities of the individual wheels, wg, w1,
and wo, are obtained as follows:

0 04

wWo 1 -1 T
wil =3 ~Lo4| |y, (5)
w2 % 3é3 0.4 or

where r denotes the wheel radius.

6 Experimental Results and Discussion

This section presents our experiment results of the run-
ning test of the walker. The walker moves with the max-
imum velocity of 4.8 km/h. To verify the effectiveness
of the observation algorithm, we measured the distance
to the shin placed at six different locations. The radius
d of the lower leg is set to 50 mm. Two infrared proxim-
ity sensors emit an infrared ray every one degree while

Table 2 Statistical analysis of measurement data of Fig. 17
(mm)

[ real [ 180 | 280 [ 380 | 480 | 580 [ 680
mean | 180.02 | 284.95 | 385.65 | 485.38 | 580.54 | 678.93
sd 3.32 5.12 5.97 6.15 6.96 7.34
min 170 270 374 470 568 668
max 188 291 397 498 600 704
range 18 21 23 28 32 36

rotating 60 degrees with 308 deg/s. We obtained reason-
ably precise estimates of the lower leg center positions.
Fig. 17 and Table 2 show the statistical analysis results
over 300 measurements. In Fig. 17, the black bold solid
line, red dotted line, and blue solid line indicate the
mean value, minimum value, and maximum value, re-
spectively. Compared with Fig. 12, Fig. 17 and Table 2
show enhanced measurement accuracy.

To examine the walker movement accuracy respond-
ing to the user’s motion, the forward motion test was
performed. In this test, as a subject takes steps of uni-
form length of 300 mm forward, the walker follows the
stride length as closely as possible. Fig. 18-(a) shows
the result for 233 steps. The mean value, the standard
deviation, the minimum value, and the maximum value
are 302.6 mm, 26.2, 224 mm, and 394 c¢m, respectively.
We enlarge a specific range from the 101st step to the
130th step in Fig. 18-(b) and -(c). The results show
that the walker can generate the forward motion corre-
sponding to actual user stride lengths and stride rates.
It is also confirmed that the control approach based on
the shin distance measurement is robust against tran-
sient faults such as the measurement error in previous
time steps.

Next, to investigate the validity of the proposed mo-
tion control algorithm, as shown in Fig. 19-(a), the cir-
cular path following experiment was performed. Here,
a subject walks along the circular path with the ra-
dius of 1 m clockwise and counterclockwise. Fig. 19-(b)
shows the resulting walker motion, where the square
and circular dots indicate the walker center points, and
the straight lines between the dots are actual trajec-
tories. This experiment demonstrated that the walker
could adjust its motion according to the user’s walking
speed and direction under the proposed motion control
algorithm.

Finally, we performed a long distance test in an in-
door environment. Fig. 20 shows snapshots for the for-
ward movements in a hallway. In Fig. 21, it moves for-
ward and goes around a corner. It is observed that the
walker is controlled successfully in the indoor environ-
ment requiring a turning motion. Moreover, as shown
in Fig. 22, the walker turns on the spot in an elevator.
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The results verify that the walker works satisfactorily
under our experimental conditions. In contrast to ex-
isting active-type walkers, our walker features simple
structure and compact size that can be fit into our ev-
eryday environment. More notably, the proposed user

(a) test scene
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(b) walker trajectories

Fig. 19 Experimental result for following a circular trajectory

Fig. 20 Forward movement of the JARoW in a hallway

interface system allows the user to easily control the
walker without requiring any mental or physical efforts.
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Fig. 21 Forward and rotational movement of the JARoW in a
hallway with a corner

Fig. 22 Rotation movement of the JARoW in an elevator

There still remain several issues to be resolved. First
of all, the walker must be able to provide a natural and
smooth movement. As mentioned earlier, the walker up-
dates the observation results after the sensors rotate 60
degrees. It may cause the walker to move rather inter-
mittently. Also, the human gait control system is non-
linear, and the gait parameters vary across users. We

are currently developing a particle filter-based lower leg
position estimation and prediction system to recognize
the user’s walking intention from noisy sensor signals.
When considering the elderly who tend to lean their
upper body onto the walker, a more sophisticated con-
troller will be needed to cope with dynamic and unpre-
dictable changes in the nominal walker parameters. A
reliable and cost-effective control solution will be incor-
porated into the next prototype.

7 Conclusions

This paper presented the first version of our robotic
walker enabling the frail elderly to enjoy an indepen-
dent lifestyle. We designed, manufactured, and controlled
the active yet compact prototype. In particular, we pro-
posed a novel interface system without requiring any
user operations, which senses the location of the user’s
lower limbs through the use of rotating infrared sen-
sors. We also developed the control algorithms to ad-
just the motion of the walker according to the user’s
walking speed and direction. Various experiments were
demonstrated in our laboratory environments to show
the effectiveness of the prototype. The results so far are
encouraging, and more sophisticated algorithms are to
be designed to further improve the walker maneuver-
ability and control.
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