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Walking Intent Based Movement Control for JAIST
Active Robotic Walker

Geunho Lee, Takanori Ohnuma, Nak Young Chong, and Soon-Gaul

Abstract—This paper presents a novel interactive control for main controller
our assistive robotic walker, the JAIST Active Robotic Walker T interface svstem
(JARoW), developed for elderly people in need of assistance > i
The aim of our research is to recognize characteristics of th
user’s gait and to generate the movement of JARoW according!
Specifically, the proposed control enables JARoOW to accuraty
generate the direction and velocity of its movement in a way
that corresponds to the user’s variable walking behaviors.The
algorithm and implementation of the control are explained n
detail, and the effectiveness and usability of JARoW are véfied
through extensive experiments in everyday environments. Fig. 1. Prototype of JAROW and its user interface system

Index Terms—welfare robotics, robotic walker, easy maneu-
verability, human-robot interaction, walking intent
risk of falling [4][5]. For example, an unexpected loss of

balance might occur if the walkers slips or tips over. Since
traditional walkers are considered less safe for use in such
One of the factors essential for everyday life is mobilitygonditions, efforts were made to address this issue using
Freedom of movement should be available to individuaigiditional mechanical devices such as servo brakes [6][7].
where they live so that they can lead lives as normally asRobotic walkers with similar mechanical structures to the
possible. To determine an individual's mobility statusjtgatraditional walker have emerged, but the installation cstiyo
assessment methods typically employed include Perforerangechanical and/or electronic components is often required
Oriented Mobility Assessment (POMA) [1], Functional Am+o promote safer ambulatory assistance. Recent techralogi
bulation Classification (FAC) [2], and Berg Balance Scalgdvances have allowed the incorporation of a range of featur
(BBS) [3]. FAC mobility status rates on a 6-point scale fronhto robotic walkers, which can be specialized with physica
one, indicating a nonfunctional ambulator, to six, derg@m sensory, and maneuverability assistances. Moreovers usier
ambulator. The scale describes the degree of human assistaige their own remaining ambulatory capability when walkin
needed to ambulate on flat types of surfaces. with such devices, which plays an important role in helping
A walker is a device for elderly people who need additionalsers exercise. The walker therefore needs to be comfertabl
support to maintain balance and stability while walkingsiBa and easy to use. The robotic walker prototype discussed in
traditional walkers mainly consist of a frame surrounded ks paper, the JAIST Active Robotic Walker (JARoW) [8][9],
four legs on the front and sides; body support is providegas developed with these considerations in mind (see Fig.
by the user holding onto the top of the sides. As commar). Specifically, JAROW helps elderly people who fit the FAC
structures, four- (or three-) wheel type traditional watkean Category-4 profile ambulate more independently, similar to
be rolled around daily environments with little effort. Thepeople who fit the FAC Category?5profile. Furthermore,
merits of these walkers include low cost, simple design, afge JARoW's circular shape, light weight, and compact size
compact size. However, users must take overly cautious stegake the walker easy to use in daily life. Ultimately, JARoW
so as not to push the walker too far forward, since it lackshcourages the elderly to lead more active lives, with reduc
a feedback control system. Other disadvantages of traditioneed for assistance.
walkers include their difficulties navigating carpets, we®  Generally, elderly people exhibit slower reflexes and de-
floors with dlpS and depressions, thresholds, and aSCGndiﬁl%d reaction times; moreover, few are familiar with me-
or descending ramps often encountered in daily routineghanical or electronic controls. Their behavioral symptom
Several papers reported that these walkers may increase ghe caused by physical deterioration at both cognitive and
sensory levels. Therefore, when designing and developing

I. INTRODUCTION
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robotic walkers for the elderly, an easy-to-learn and s@mpluser commands are relayed to the walkers. Direct interfaces
to-use interface system capable of responding to compldx anclude joysticks, touch screens, and voice activationesys.
diverse environments is of particular importance. Sinyilahe Initially, joysticks [14][22] (or handles [17][20]) integting
interface should be able to accommodate various individUdarce sensing and control were employed to offer more so-
levels of physical capability. Based on an interface thiat$a phisticated maneuverability. When the joystick is moveain
into consideration each of the above factors, our goal is ¢ertain direction while walking, velocities (or acceléoat)
achieve simple, natural interactions during the use of JARo are triggered according to the direction. However, vilonagi

A primary issue is how to provide users with easy yenight occur due to an uneven surface, or the force of the
reliable maneuverability without the use of manual comtroluser’s foot striking the floor. Subsequently, touch scrd2fs
Here, a conceptual term, walking intent, is introduced twere used as a means of simplifying controls; the touch acree
facilitate the understanding of our solution. A user’s vimdk is the simplest way to specify a target location intuitidyal
intent is defined as an instant walking state representiag thince the input corresponds to the space shown on the screen,
geometric relations of the user’s lower limb locations alesed visual feedback can be displayed immediately. However, the
at each sampling time. It is important to address two basitcreased cognitive load involved in using a touch scretirera
problems that occurred in the interactions between a uskr dhan a joystick could potentially cause confusion for eiger
JAROW: (1) how to recognize the user's walking intent and (2)sers, increasing the likelihood of an accident. Thirdcgoi
how to generate motion corresponding to the recognizedtinteactivation systems [24] have many advantages as a bilateral
The JARoW interface, which reads the user’s lower limbommunication interface in transferring effective higivél
locations, consists of a pair of laser range finders (LRFs). Tommands. By translating two speech parameters such as
effectively detect a user’s walking intents, a local copadé volume and pitch, it is in principle possible to control the
system is defined at the center point of JARoW. Employingotions of robotic walkers. However, critical problems Isuc
this interface, JARoOW can autonomously control its motitins as interference and voice recognition remain to be solved.
correspond to the user’s walking intent without any addilo ~ Rather than responding to direct commands, it is desirable
user inputs. The objective of this paper is to introduce thibat robotic walkers recognize users’ intentions indigect
walking intent based movement control. Examples of indirect input devices include the visual retog

The remainder of the paper is organized as follows: Sectitian using cameras [12][25], the combination of cameras and
Il investigates features and interactive control methoats fproximity sensors [19], human gait detection based on press
robotic walkers; Section Il presents the model definitionsensors [26][27], and the combination of cameras and pressu
the proposed control, and our implementation goals; Sectisensors [28]. However, an elaborate recognition algorihih
IV and Section V, respectively, describe JARoW's obseorati high performance devices must be incorporated into thealisu
and motion control solutions; Section VI presents expenitale recognition system. Human gait detection also requires the
results and discussions, and explores possible futuretidins user to wear an additional device, and its use in outdoorenvi
for development; Section VII contains our conclusions. ~ ronments remains problematic. The use of high-performance
interfaces helps ensure accurate measurements in regl-tim
but might require a complicated and expensive control syste
Another innovative idea is a brain-computer interface,olihi

Recent progress in welfare and rehabilitation robotics hasuld allow users to control a robotic wheelchair after it
provided a solid foundation for the development of personedads brain activities [10][11]. However, despite theiowing
robotic mobility aids with the potential to improve the Is/e importance, it is premature to talk about universal apfitice
of many elderly people. Notable examples include robotat this stage.
wheelchairs [10]-[12], robotic canes [13][14], and roboti
walkers. Among them, the robotic walkers [15]-[21] aim to I1l. WALKING INTENT BASED MOVEMENT CONTROL
provide both ambulatory aid and rehabilitation potenttm- A. JARoW: System Description
pared with traditional walkers, the robotic walker is eas®  Fig. 1 shows a JARoW prototype and its interface sys-
use because it does not require users to use their arms to past. Compared to other robotic walkers, JARoW’s design
or lift it. This is beneficial for users with little arm strethlg is compact, and its footprint circular, which reduces the
However, they are still bulky and costly; moreover, due tpotential for collisions with obstacles or walls. JARoW has
their complicated operation, they often require consiolera three main structural parts: a base frame, an upper frande, an
skill to use. By integrating a range of useful features inteonnecting rods. The base frame supports the supersteyctur
the robotic walkers, they become easier and safer to contrahd is directly connected to the drive-train and equippetti wi
Specialized functionalities for robotic walkers includgypical two Hokuyo URG-04LX LRFs as the interface system. The
assistance [6][18][21], sensory assistance [9][15][20][ and length of the connecting rod can be adjusted according to
maneuverability assistance [16][19]. Depending on the'sisethe height of users. Users are able to lean their upper body
physical abilities and needs, ambulatory assistance has bforward and place their forearms onto the upper frame. Betai
incorporated into these functionalities. A discussion ai-mon the JARoW'’s mechanical specification and its first-order
neuverability by user-walker interactions is found below. kinematics can be found in [8][9].

Input devices for robotic walker interfaces can be clas- Next, the control components of JARoW consist of the
sified as direct or indirect, according to the way in whiclrive-train with three omni-directional wheels, the itfiéee

Il. BACKGROUND
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= - TABLE |
; cen}er pos!Pon O]t each Igwsrcljlmb R NOTATIONS FREQUENTLY USED IN THIS PAPER
- center position of a user’s body
notation | description
—§— 9 right T sampling time: 100ns
d Z; andyj; | JAROW's local coordinates
Pic JAROW's center position:a(jc, yje)
@ P, Pr left and right centers of individual shins
® Pbe body center position of a userzy., yp.)
7 Pre Pr dg, dy dist. differences betp, andp; in &; andy; directs.
Q =(%- Vo) dg stride length
p=(x.y)
(a) projected locations of lower imbg; andp- the users are able to walk freely with both lower limbs. The

lower limbs are modeled as cylinders with a diameter
representing each shin [8] that is vertically projectedooat
two-dimensional plane (for simplicity;;¢; plane, afterwards)
with respect tar; andy;.

In Fig. 2-(a), the projected centers of individual cylinsler
correspond to the center positions of a user’s shins; the lef
and right projected centers are definedpas= (z;,y;) and
pr = (z,,y,), respectively. It is assumed that the body of
a user extends from the left shin to the right shin B1;
plane. Employingy; andp,., the representative body position
Poe = (Zbve, Ybe) IS defined as the midpoint on the line segment
connectingp; and p,.. Fig. 2-(b) illustrates the definitions of
relative distancesi, and d,, which denote the differences
in distance betweerp, and p; in Z; and y; directions,
respectively. Moreover, if we consider the forward motidn o
a user, the right shin shifts from locatigrny to locationpy,
while the left shin remains fixed. Herg, is represented as,
and p, according toT'. The stride lengthiy; is defined from
pq 10 pp, andt,; denotes the sum of sampling times it took to

shift from p, to p,. TABLE | summarizes notations frequently
Fig. 2. lllustrations of definitions and notations used ie thalking intent ;,gag
based movement control )

(c) position difference betweem;. and py.

A valid region for the location measurement of lower limbs
is defined as a rectangle with 9@én x 800mm (length
system, and the main controller mounted on top of the uppdtd width) onz;y; plane. We assume that. and p; re-
frame. A laptop PC running Microsoft’s Windows 7 is used again within the valid region at eacl’. Similarly, py. is
the main controller. Details on the controller will be irdieced  assumed to remain inside the same region. In other words,
in Section 1II-D. The interface system is able to detect tHBese assumptions indicate that p., and p,. are always
locations of the user’s lower limbs, as well as obstacles observable within the region. Under these assumptions, ac-
area borders. In the interface, two LRFs are representé& ascording to geometric relations betwegp p,, andpy., walk-
andSs, indicating the left and the right LRF, respectively. Eacing with JARoOW can be classified into four walking states:
LRF outputs a 240 degree scan and measures up ton4@00 initial/stop, forward/backward movement, step left/tigand
with 100ms sampling timeT" (i.e., every sweep interval in the turning left/right. Specifically, walking at eaci’ can be
LRFs); pair of LRFs can cover a full 360 degree spectrum. Aetermined as a walking state. At, walking with JARoW
eachT’, the interface system outputs the data measured by th&n be also represented as instantaneous displacement data
synchronizeds; andS;, which are fed to the main controller.(i.e., d, andd,), and divided into straight-line and rotational
behaviors. A more detailed description of the classificatidl
B. Model Definitions and Notations be provided in Section IV-C. Furthermore, two conditions fo
. N \ . the safe use of JARoW pertain. If eithgy or p,. is outside
As illustrated in Fig. 2, JAROW' local coordinates afp the valid region for27", this condition is called an emergency

(horlzontgl a?<|s) an.q;j (vertical ax!s) wherey; is defln_ed state. When this state is detected, JAROW makes a sudden
as the direction of its forward motion. Its center positi@n i . " :
op. As a clothing condition to ensure clear observation by

t
denoted by ;. = (z¢, yjc). Measurement data are calculateﬁ1 .
with respect to the JARoW's local coordinates initializedhee € interface, users are asked to wear long or short pants.

beginning of eacli’. Accordingly,p;. is (0, 0) with respect )

to its #; and i, as soon as it updates at eafh Moreover, C. Walking Intent Based Movement Control for JARoW

as mentioned in Section |, the user domain of elderly peopleThe problem of providing elderly users with easy yet
for JARoOW is based on the FAC Category-4 profile [2], wheneliable maneuverability is a significant challenge in desig
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® walking intents and generating JARoW'’s motions, respec-
input: sensingl Interface tively. Based on measurements derived from the_ interface,
user’swalking a two-layer Kalman filter is implemented to estimgtg
behavior raw pr, and pr.. By using these outputs, a walking intent can
measurements be determined in the walking behavior state determination
| Main Controller (WBSD) function. Next, from these observational results, a
[ ObservaﬁonModule' | tracking-based motiqn generation controller is desigrmed_t
[ measurement function ]_.( potential field function gnable JARO\.N’S motions t-O accommOdaFe the user's Walkmg
[iocatoncandidars ‘ intent. A detailed explanation of the funcuops and the oaint
( Titeing function ) PR flows in each module can be found in Sept|ops IV and V._
— ’ At each T', JARoW computes a walking intent and its
(walking behavior state determination (WBSD) function ) desired motion (computation) based pnand p, (observa-
pT— tion), and then drives its motors towards desired termomati
] ™ Motion Control Module | (motion). JARoOW recursively executes the scheduling aheac
[ tracking function ]—-[ motion generation function T. \.Nhen the motion in each SChedu”ng is cpmpleted, it iS.
i, desirable to have JARoW ready to enter a walking state, as thi

velocity will frequently occur at the next activation. This prepargt

L 4 “‘a”i“sv state is defined by the controller as the desired terminddion
. . ) JARoW'’s motion in each scheduling. A detailed description
output: @l Drive-Train . ) . 9 P
JARoW’s motion moving will follow in Section V.
Fig. 3. Data/control flow for the JAROW controller system {&@ils of the IV. OBSERVATION MODULE

potential field function can be found in [9].)

This section describes the observation module, composed

L . . . of the four functions shown in Fig. 3. This module, with the
JAROW's interactive controller. The proposed design piesi input data measured in the interface system at @aautputs

the solution to this problem. Frqm the viewpoint of interant both p,., pr, andpy. and a current walking state.
the problem can be separated into two sub-problems: recogni
tion of a user’s walking intent and motion generation. Befor

introducing the proposed solution, we must first formally .
define the walking intent of a user. Walking intent is a wadkin”: Meéasurement Function

state represented using the geometric relations betwgen The measurement function sequentially performs the two

pr, and py. With respect to7; and y; at eachT. Our compytational processes: data processing and locatiati-can
proposed solution, walking intent based movement contralyte computation. The first process is to convert the easy-
allows JARoW to recognize walking intents and subsequen{ly nandle data in the computation as soon as raw data are
generate motions which correspond to the user's recognizgghsmitted. The inputs frons; and S, include both relative
intents. o o . distances to a surface and the scanning angle corresponding
The key aspect of our solution is utilizing the relativg, the gistances. To begin, the distance and angle data are
locations (e, pi, p, and py) to generate motion. USiNg conyerted to Cartesian coordinates with respect tand ;
these relative locations, geometric relations are contptde ;. order to allow data separately obtained By and S, to
represent the user's walking intents. As the distance measthe combined. Simultaneously, the transformed data aredsort

ment is taken at eacHf’, the walking intent is assumed 104 shins and obstacles, respectively, according to thiel va
be linear; the following points are highlighted: (1) JAROWegion.

can ea5|ly analyze the walking intent W'thOUt relying ON @1 the second process, the location of both shins is computed
computationally complex model. (2) Such linear analysis cg

be imol ted with relativel dest 3) TE fter the completion of one scan. Each transformed position
e implemented with relatively: modest resources. ) i€ checked to determine whether its nearest points arerwithi
intent estimation is updated at ea@h providing tolerance

. ; o .40mm. If the condition is satisfied, it is considered as one
against faulty measurements and motion generation inquievi surface point on the shins. After collecting the surfacentmi
time steps. the continuous data are sorted into left and right clustdrsrey
_ ) neither cluster exceeds 4@@n. Then, the mean positions

D. Main Controller and Implementation of these clusters are calculated. We empirically learned th

To realize easy yet reliable maneuverability, the proposé#iie mean positions were in the immediate vicinity of the
solution is embedded in the main controller, shown in Fig. 3hin’s surface, and the distances from the mean positions to
The input to the controller includes measurement data obthi the centers of the shins were approximately one-half of its
from the interface, and its output is velocity matrices te thdiameterd. Accordingly, these centers can be obtained by
drive-train. More specifically, the observation and the it adding the mean position t@/2. The individual centers are
control modules are designed to play roles in recognizimgfined as the location of each shin.
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B. Filtering Function and the step length representing distances between bdth fee
are similar tod, andd,, respectively. Here, we recall that
d, andd, denote relative distance differencesain and y;
directions, respectively. More clearly,. and p; indicate the
lative locations of shins with respect @ and y; at each

. Compared tod, andd,, the most obvious difference is
based on gait cycle. The human gait is nonlinear, and the

possible to track them continuously. Moreover, the filtgrin®: - )
function allows JAROW to estimatg,. betweenp, and p;, gait parameters of individuals are not always steady during
d alking. Instead, by using the interface under discussion,

resulting in the ability to read the location of a user's body : ) "
To implement the Kalman filter model in the main controllefVe are trying to alleviate the need for additional hardware

the state vectors; , andx; representing the positions ang?nd software to detect exact gait parameters. Hence, the
velocities ofp, or p; andpy. are defined ae; i yix #ik Jiklt decision process of KGORITHM 1 is designed based on the

and [Toe i Yook Thek Toer]'s respectively, where denotes the NStantaneous data at eath

left or right side. Here, it is assumed that p;, andp,. move ~ Due to human anatomical structure and articulation geom-
at a constant velocity. etry, the sinusoidal displacement of the center of mass for

a human body is necessary to achieve forward movement
[30][31]. Contrary to this facty,., p;, andp,. are observed ac-

cording toT'. Therefore, boundary conditions are necessary to
determine a walking state. To define the boundary conditions
the three kinds of boundary parameters employed in JARoW
are explained. The first boundary parameter is represented b
d, andd,. The second, as shown in Fig. 2-(b), are the mean

The filtering function redefines,., p;, and p,. from mea-
sured individual locations after estimation. For this, #hen-
dard Kalman filter [29] is employed to accurately detecénd
p; in the presence of uncertainties. By recursively matchitl
current locations to predicted locations just befdreit is

C. WBSD Function

Algorithm 1: Walking Behavior State Determination

|nput . {p’r = (xrayT)apl = (:El,yl)apbc = (xbcaybc)}

AW N P

10

11

12

d, = dist(x,,z;)

dy = dist(yr, y1)

if (dy <2-dy,) then
if (2p. < 0) then
| STEP LEFT,

else if (xp. > 0) then
| STEP RIGHT,

else if (d, > 2-d, ) then
if (dgm —dep,o < dy < dgm+dse) then

if (ype > 0) then
| MOVING FORWARD;

else if (ys. < 0) then
. MOVING BACKWARD;

then
if (xp. > 0) then
| TURNING RIGHT,

else if (xp. < 0) then
| TURNING LEFT;

O_utput: current walking state

else if (dym — ds,o > dy) OF (dgm + doo < dy))

distances betweep, andp; in Z; andy; directions, defined
asd; ,» andd, ., respectively. Unliked, andd,, d, ., and
d, . are obtained by standardizing after collectihgandd,
for long intervals with respect to the forward movementestat
Based oni, ,,, andd, ,,, each pair of the upper and the lower
baselines is established alog and z; where each of the
axes divides!, ., andd, ., into two, respectively. Thirdly, the
boundaries of distance variatiods , andd, , are determined
by referring to the standard deviation @, ,, and d, .,
respectively. Whenl,, , andd, , are applied into individual
upper and the lower baselines, the variable boundarieseof th
individual baselines are confined with#, , and2d, ,. For
example, depending on users, the forward/backward movemen
states exhibit differentl, variations. For this, the distance
boundary ofd, ,, in Z; direction is limited to a distance
smaller tharRd, ..

ALGORITHM 1 enables JARoW to determine a walking
intent by the use ofp,, p;, and py.. Under ALGORITHM
1, if d, is constant within a boundary and, is beyond
the boundary, and vice versa, walking with JARoW is inter-
preted as straight-line behavior that includes forwarckieard
movement and step left/right states. Whép and d, are
beyond the boundaries, JARoW interprets this as rotational

The WBSD function with the input arguments, pi, and  pehayior under the turning left/right states. In summang, t
poe allows JARoW to determine a walking state. Walking i§carvation module outputs,, pi, and p,. and a walking
interpreted as either straight-line or rotational behasimul-  ;a Simultaneously, the behavioral interpretatioretiasn
taneously with the walking state determination. The deaisi 4,o walking intent is obtained. Accordingly, the motion troh

process at eactt’ is presented in AGORITHM 1. The novel 44, allows JAROW to generate its motions to coincide with
idea behind AGORITHM 1 is that walking with JAROW is interpretation.

represented by instantaneous displacement data meadured a
eachT. Below is an example of how the instantaneous data
are interpreted.

Generally, forward movement is the most dominant state
in human walking. When the walking features of individuals
are analyzed, forward movement is essential to examine theiThis section describes the motion control module which
gait parameters [30]. Among gait parameters, the step widihows JARoOW to generate its motion.

V. MoTION CONTROL MODULE
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A. Tracking Function

The tracking function based op,, p;, and p,. allows
JARoOW to compute differences betwegj andp;. , as errors,

B. Motion Generation Function

As shown in Fig. 3, the motion generation function with
inputs obtained from three different functions drives the-m

in #; andy; directions, respectively, and to reflect these errofns of JAROW under the PIDBVE controller determined
in JAROW's motions. The basic idea behind this function i@ccording to walking states, and outputs velocity matrices
thatp;. andp,. must remain coincident with each other. Théo the drive-train. The description of the sensory asstsan

reason whyp;. needs to coincide withy,. is twofold. First,

related to obstacle avoidance can be found in [9].

JAROW assists the walking of a user so that his or her bodyAt each7’, the motion generation function executed by the
is not leaning to either side. Secondly, it effectively ali outputs of the WBSD and the tracking functions aims to reach

bumping into the user while rotating. To accomplish this, the preparatory state given by

PID_BVE controller is designed, integrating a proportional-

plus-integral-plus-derivative (PID) controller and a hode-
locity estimation (BVE) technique.

In Fig. 2-(c), errors betweep,. and p;. in Z; and y;
directions are defined as, = xp. — e andey = Ype — Yje.
respectively. To minimize errors, the PID controller islizzd
as

Kps e+ Kiyp [epdt+ Kiy €y
Kpy ey + Kiy feydt + Kay ey ’

Te

0 (1)

wherez. andy,. are the output velocities of JARoW, ardd,,

K;, and K; denote the proportional, integral, and derivativgf the forward/ba

gains, respectively.

Yve = Yje 4)

and

dw,a < dw < dw,m + dm,o- (5)

The straight-line and rotational motions are defined in the
motion generation function. According to the interpretati
of a walking intent, namely the straight-line and the ratasil
behaviors, one of the individual motions is selected. Fer th
straight-line behavior including forward/backward mowar
and step left/right states, the preparatory state allovRo¥X

to move alongz; or g; direction. If the straight-line motion
ckward movement states is determingds
driven so thaty,. coincides withy.. Similarly, . is driven

dm,m -

The user moves in concert with a series of JAROWR, o straight-line motion of the step left/right statém the
autonomous executions, which generate its motions. DESRi{her hand, for the rotational motion of the turning leghi

the use of the PID controller, errors of varying degrees My,tas boths and §
il c JC

are triggered where JAROW turns on

persist. Accordingly, to minimize the errors quickly and tQ,q axis of e until d, is satisfied within the range of (5).

control discrete or intermittent motions caused by thetisda £, thermore. the rotational direction is determined adivy
relations, the BVE technique employing an absolute vefocif, o sign ofzy. in g; direction. If zp. > 0, JAROW turns

for py. is proposed so that JAROW can generate its motio

BA the axis ofp,. clockwise.

more smoothly. Here, we should recall the case of shifting

the right shin fromp, to p,. JAROW calculates the distance

from p, to the currentp, at eachT while redefiningp;, p;,

VI. EXPERIMENT RESULTSAND DISCUSSION

and py., and finds the maximum distance which is regarded When maneuverability is considered from the two aspects of

asd,;. After determiningd,, t is obtained.

observation and motion generation, it is desirable thatenov

Given the dominant walking state in human gait, the BV@_ents triggered by JARoW correspond to the .instantaneogs
technique puts restrictions on the forward/backward mov@isplacement data observed from a user's walking. If there i

ment states, namely; to both shins only ing; direction.

any disparity, JARoW may not be ideally controlled accogdin

Furthermore, it is assumed that the shins move two timi the users walking intent. From a practical standpoint,
faster tharp,. during forward/backward movement. Under thi€valuation criterion and a performance index were designed

assumption, the absolute body velocity,. of ps. is obtained

dsl
2tq

)

Ubve =

For the forward/backward movement states, a FBYE con-
troller incorporatinguy,. into (1) is given by

yC = Vbve + Kp_’y ey + K'Ly /eydt + Kd7y éy (3)

The tracking function computeis andy. for the PID_BVE

controller by usinge, ande,. Note that, from the walking

state obtained by the WBSD function, eith&r, 4., or both

to examine the extent to which the proposed solution can
minimize disharmony between observation and motion. To
begin, extensive preliminary experiments were performitd w
three healthy males in their 20’'s and 30’s to demonstrate
the validity and improved performance of the proposed con-
trol. JARoW moved under the maximum linear velocity of
1.333n/s throughout all experiments. When it generated a
rotational motion, the magnitude of the angular velocityswa
0.5rad/s. Next, additional experiments were conducted to
verify the feasibility and the usability for potential usein
their 70’s and 80's.

i. andy. is selected. First, for forward/backward movemerft- Experimental Results

states, JARoW is controlled according to (3). Second, anly

in (1) is applied in the step left/right states. Third, dgrithe
turning left/right states, JARoW is controlled accordiogle
combination ofz,. andy. in (1).

First, to examine JARoW’s movement accuracy, the fol-
lowing experiment was conducted. When a subject took 100
forward steps of uniform length of 36:, we checked how
accurately JARoW followed the stride length. Figs. 4-(a)l an
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where the blue dashed line and the red solid line indicafectiaries obtained
using the controller in [8] and the proposed controllerpesesively
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Fig. 4. Comparison of JARoW's displacement variations foifarm stride G .
lengths of 3@m 30 % $

2

€ g5
(b) show the results performed by our previous controlsJn [8 S $ .
and [9], respectively, and Fig. 4-(c) presents the resutset 5 w0l % T
on the PID_BVE controller. Compared to Figs. 4-(a) and (b), & %
the contour in Fig. 4-(c) became almost flat. In Fig. 4-(d§ th § 5. % i
mean value, standard deviation, maximum, and minimum are 3§ ? : :
presented according to individual results. It was confirted 2 104 % [=1: PID controller
the proposed control allowed JAROW to generate straigiat-li [ PID_BVE controlier
motions which closely corresponded to the stride lengtlts an s S S N R
stride rates of the subject. Moreover, the PBVE controller 15 cm 10 em 25 cm 0cm 20 cm
helped JARoW facilitate natural forward movements. displacementsby the user

Second, to investigate the validity for the proposed cdntro
circular path tracking experiments were evaluated. A subjerig. 6. Comparison of JARoW's displacements based on thed®Hiroller
walked clockwise along a circular path/) with a radius of in [9] and the PID_BVE controller, respectively, for different stride length
Im. In Fig. 5, the blue dashed lineZ(1’) and the red solid
line (‘T'2") show the JAROW'’s trajectories with the previous
control in [8] and the proposed control, respectively. Fitbim
trajectories, JARoW could realize smoother rotationaliorst
under the proposed control. (ISE
Third, to verify the effectiveness of the proposed control, el
another experimental setting was prepared where the fdrwar =
movements of a subject were re-tested by varying the stride : \
lengths in the following order: X&n, 10cm, 25cm, 30cm, @) (b)
and 2@m. Statistical analysis results obtained after 100 trialﬁg. 7. Experimental scenes in daily life conditions for (@rformance
in succession are presented in Fig. 6, where the error bea®iation and (b) feasibility and usability testing
represent 9% confidence intervals and the boxes indicate
distributions of measured data in the range of 2%7Results
obtained with the PIDBVE controller showed more accuratethe environmental conditions of daily life. These expenmitse
displacements compared to the results with the PID coetrollincluded the straight-line and rotational motions arourubia
This means that JARoW was able to precisely control itger in a hallway, rotational motions on the spot in an elayato
motion generation after reading the user's walking intentand forward movement while going up/down in a ramp of
Specifically, we observed the widest variations in therd0 4 degrees, respectively. It was observed that JARoW could
stride. However, the strides exceeding:20showed relatively be controlled successfully in everyday environments witho
fewer fluctuations. It was also confirmed that the proposedperiencing any collision. In contrast to existing roboti
control is tolerant of faulty measurements and generationswalkers, our walker features a simpler structure and more
previous time steps. compact size and can fit easily into everyday environments.
Fig. 7-(a) shows snapshots for experiments performed undeNext, for the purposes of demonstrating the feasibility and
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the usability of JARoW under the proposed control condgiori’, the increased maneuverability also highlights the festur
and understanding the expectations of its potential useo$,fault-tolerant measurements and generations. Unlikerot
additional experiments were conducted (Fig. 7-(b)). Beforobotic walkers, this increased maneuverability helpsptil
participating in our experiments, written informed contsfen  users in need of assistance with their daily routines etiliz
the publication of this study and any accompanying imagd8RoW easily. More importantly, from the mechanical point
was obtained from the subjects involved in all experimentsf view, three omni-directional wheels enable JAROW un-
Moreover, we briefly explained the use of JARoW and demoder the maneuverability autonomously to move forward and
strated its basic performance. Individual subjects ween thbackward, slide sideways, and rotate at the same spot. Such
given five or ten minutes to familiarize themselves with itemni-directionality provides a very efficient means of diren

use. control in highly cluttered environments, even in a narrow
The experiments were conducted by 5 elderly subjects whorridor or in an elevator.
use traditional walkers in their daily routines (male: Intde: Based on the experimental results and the comments of the

4, age: 75-84 years, height: 149-157cm). A breakdown of tharticipants, we could identify future directions for dege
subjects’ ages is: 3 persons in their seventies and 2 peisonment and refinement, and address issues which need to be
their eighties. The subjects for the experiments were askedresolved. First, JAROW must be able to guarantee safety for

walk around a hall for about 10 minutes. potential users; what may occur when using JARoW must be
After the completion of individual tests, the 5 subjects everclearly examined from both mechanical and electronic goint
asked to fill out the following questionnaire: of view. In addition, nearly 7% of the total manufacturing
« Was it easier for you to walk with JARoW? cost was incurred by the drive-train, which was custom made.
« Did you feel safe using JAROW? To provide better service and comfort for potential users of

« Would you be able to use JARoW in more locations tha#ARoOW, we need to seek technological solutions that will
you use your current walker? If so, why do you think so@nable cost reduction.

o What kind of functions should be incorporated into We considered elderly people with a certain level of ambula-
JAROW? tory capability as potential users. Although. was regarded

For the first question, 3 persons answered yes and 2 persggghe mid-point of the line connecting and p,, we need
had no opinion. Here, the 2 respondents said that the rie consider the variations ofy. due to the variation in
of JARoW took some getting used to rather than immedia@nbulatory levels of potential users. Moreover, to ensure

use. Once they got accustomed to walking with JARoW, thé&jear observation, respondents are required to wear pants.
responded, “it's easy to use as well” As for the secoriore practical version of JAROW will need to incorporate an

question, all subject said that they felt safe enough to ugBhanced interactive control scheme that includes arfacter

JAROW. Next, 4 persons answered yes to the third questig¥ich can accommodate potential users with unusual gaits an
One of the yes respondents said that JAROW seemedd@es not require users to wear clothing of a particular type.
provide safer ambulatory assistance since it could gemerat

its movements corresponding to their displacements and di-

rections. Respondents also expressed dissatisfactiontagt VII. CONCLUSIONS

unexpected motions of their current walkers on uneven gtoun i o

Another person who answered yes was greatly satisfied thaf 'S Paper presented a walking intent based movement
JAROW did not require him to use his arms to hold anaontrol for JARoW without manual user co_ntrols or addi-
push it. On the other hand, 1 person expressed dissatisfact{on@! control equipment. To accomplish this, we first re-
with the bulkier frame of JARoW than her walker. As for thdin€d geometric relations between the locations of shins and
fourth question, respondents said that they would like ® o8 virtual planar p(?SItIOh modele_zd as the body center W'Fh
future versions incorporate assistance with standingawpid respect to JARoW's local coordinates. Second, to recognize

motions, be more compact and have a lighter frame, a walking intents of users, the filtering and the WBSD
include the ability to ascend/descend stairs. functions were realized by employing refined models. Thard,

tracking-based motion generation function allowed JAR@W t
. ) generate motions that correspond to users’ recognizedtfte
B. Discussions Fourth, the use of a PIDBVE controller was devised. This
Several distinct developments described in this paper ceffiectively controlled discrete or intermittent motionsused
be summarized. The success of walking intent based mobg- relative relations, allowing it to initiate smooth mai&
ment control for JARoW was confirmed through extensivo demonstrate the validity and effectiveness of the pregos
experiments. JARoW demonstrated that it could accuratedgntrol, elderly subjects currently using traditional kexks
recognize the users variable walking behaviors and smpotiplarticipated in extensive experiments to verify the feisib
control the direction and velocity of its movement in a wagtth and usability of JARoOW. The results of these experimentgwer
corresponded to them. To realize this maneuverability,ya kanalyzed and compared to our previous findings. From these
technology was developed which represents linear relatioresults, we can confirm that the proposed control could plievi
betweenyp;, p., and p,. and allows JARoW to avoid the JARoW's potential users with easy, reliable maneuvergbili
burden of additional hardware and software to detect exachich does not require any additional equipment or manual
gait parameters. Since the walking intent is updated at eamntrols.
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