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Development of a Leader-following Mobile Robot to

Support Home Oxygen Therapy Patients

Gen Endo*!, Atsushi Tani*!, Edwardo F. Fukushima*!,
Shigeo Hirose*!, Masatsugu Iribe*? and Toshio Takubo*?

Home oxygen therapy (HOT) is a medical treatment for patients suffering from severe lung diseases. Although

a walk in an outdoor environment is recommended for the patients to keep physical strength, patients always have
to carry a portable oxygen supplier which is not sufficiently light weight for the patients. Our ultimate goal is to
develop a mobile robot carrying an oxygen tank and follows a foregoing patient in an urban outdoor environment.
We have proposed a mobile robot with a tether interface to detect the relative position of the foregoing patient. In

this paper, we improve mobile platform mechanisms and active wheels to maximize the negotiating step height, and

to allocate sufficient luggage area in the main body carrying an actual oxygen tank. The following control algorithm

is also improved and demonstrate its effectiveness in an outdoor following experiment.
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TEEFEAE (Home Oxygen Therapy, HOT) & (X8 :PA%E
it # (Chronic Obstructive Pulmonary Disease, COPD)
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Fig.1 Portable oxygen supplier
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5200 FIEIC BT A2 ETXY) EERFHDTREC 25 X9
BRI SNTWE. ZOL) REHZL»rbo§, BT
O MBI LR T ANE & oFIZEZ 0L T
Y, Hiitkom ELLEEMSROZEN TV (1]

ZFIZTAME T, BERERLRCOEEMEZMET LI LI
HigZ&Y, BEORY MZXAAIEREL, B L TTL.
RO B, BYVREREE 2GS 2 BH B L %
MROMEEBA LT LI L OTEX L EMANLRBIEL ST
52t THhb (Fig.2). LY EMEWLRL—-ZFr—2L LT [
a2y AA M7 ETEWWIITL ] BE2HET 5.
CHUTEET v — b OERE, S @A T T 2 —F o H
FIZHENZEITH L7200 TH 5 [1]. EHIZHOT EED
% FEIMTHESERE THL I LS, KR TIIERILE
RAEZ, M0 SRR R Y B CTHEIATE 2 X 5 Hbl - il
HELRT 5.

LZATAICBRLTWERET 2, LI TATATZED
DOEFHERL S LI LITRES I, ERBZEHABAEN b 17
bNTW5 2]~ L2LAaSsBEOMENEL iz —
Ly U7 7 Ay R G EE i B RO ERO L v R
HAWTBY, KIROMEHWICIEZZ Chbhwvw, 22 TEED
X, 2L F BB LBERENF 22— T TEINTVL T LI
HHL, ARICX Y RET2BEOMEBEEZFNTLZ L 2% 2
7o FERE, EEHESIIAREH TRy N OBGEEREIIH L,
MR- 72 AR T —oM& L RS 25T 5 2 L Tl
HOMEE ZMiAD /N A MIFHIT 2 FEEBRIIRELT
BY[6, COFEEHNLILETS.

T =12 & BBREHIBIIEEE S OBFIE D G v DD RAT
Wigehsd 275, Effizze )it 2R LTV [7][8], 7F—
D72 B HIZ L ) BEARBINIC % % [9] 7% LRI H o7z 7z
SEHEFIENIE A3 R 28T 3 4 X7 1 2 HIE B
WTBY, BEBEOREIARTITH o7z S SITKFHE
DA TORHESEAHEL TB Y, B OHEE SEM OB RS
W% EH T L/NRE Y AT LIEESOMBRY R INT
W7\,

§e5 518, BUE F TR OMET R RIFHEET TR [10],
YD T 0 %0508 & BB & OB OFHN % B S S 50 [mm]
BT E DHEM OB R & E 1T 572 [11] 25, AR CILHER
DIFRLEHERE & BRI |1 X SIS B R INA, H bE R BT
BRSO TBLEHY =7 7 —O— T H 2 80 [mm]
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Fig.2 Basic concept of a proposed assistive mobile robot that
carries an oxygen tank
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AT, SOHIHEROBHRT IV TY XL ZHREL, L) F¥F—
REALDOD TR R E LEET 2.

2. WEBEFORE

Ik 5 A B OIE & W & B Ok

2.1 FAKREE

O DERBYHLE % AL AT 2B A AT BR BN R o R B
ZHEAT T B S LA & 2 A SRR O EHIIC & ) BmHICE
HTE, ROBEMELOBFEMICERTETHS. Z0LH %
BB iR A NOEE B3 5720, RMERI#ZICZ
X v A5 FEMT D LN HATH DA, BECAEMT
O BEBE DMK  ABEBRBEOER I T4 L 1dF Vi,

Z 2 CARWIZE TldE WA BB & 5516 3 2 2R AT
OFLFEICEH L7, 2% SEREREERIIRE - 325
b RN A LD, WO EEHT 52044
OBV ENTEBY, ZOHERIRT 7Y r—3 3 TH
TR ET L2094 HH20TH L. RIFFE TR
HEH OO LEE 4 iR D — /N — R I 1% % N—
AL L CHETT 2. MR [ SHILREBh G 4 50 1 5, 2
B 1WMOERICEE L, 6HE L FSoNEMmETE X )4
BVARTEBRTLIEEFHBL TN, FT) v 7L
SEEBIE IS X 0 HEE % YO O BRENEG 1SS IS T 5 2 LS
T&, HlEEL LOBEZ BT 24, mOARBHEETHM:
#EH L (Fig. 3) [12][13).

Fig. 4 (a) (ZHGHE 1 5RO MEUE 2R3 G 11 54813 4
WERBYE CH 0, Wil & A, B PHERABOBOF
T YIS E D) U 7R ETHBESN TS, 5122
STODYATY) ¥y BEORIZIZ) ¥ 7 [ A ATHT R TRFR &
b &0 HEAEEEMEANEA SNTWD . EEIRE IR s
ML E 2 SNEDBHTIEZOD T — Y12~V k%723 X3
FIZT B2 ETHEAMIRLTWS, 2RH ORI X )ik
OHEEEAFEL EIFS N LRI TR L TIPS, Zok
R AP LHEEITHECR L.

KRIFFETIEE 5% % HRAL - RMAHE LD 720 A5 i O A FEED
Hifg s L, RIS eEiRY SEERG S LCTn5, filE
WZEHETH VB 2R TE RN e s, B
WZHER OBREI I X o THidRASH L Lo s L9, mighTid
AT 2 7y MAEREA L (11] (Fig.4(b)).

Fig.3 Prototype model of a mars exploration rover “Hien II”
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(@) Top View

T

: (b) Top View

Fig.4 Modification of the bogie link system: (a) Hien II with
four active wheels, (b) introducing initial offset to the
bogie links, (c) double support beam structure for the
bogie links, (d) fixing the rear wheel steering axis to the
body (final design)

L2 LA SFATY v 7 BL ORGP RLHEETH o 7272
OREERICERETIE 0572,

% 2T Fig. 4 () \RT & 9 W2HTH & A4 %2 B4 51
FLEEOTAT) /X E 2 5. Fig. 4 (b) O & K Hig
DRT AT HAHFEBNL T - 72 {F—TlI ey, (ZIFHE
FROBZ 2R L, EBRRBTLEHI5Y I 2L —F TOWGEIZ
Lo TEDEGERBMEICIZTE ALER LW L2 EIrOL Ik
NTES.

O KRS A HATLT B 7200120 > 7 A B X Ol
TR ICOWTERT L. K70 2 M ZRICEEL 23
A& U CHitR R & FIROMERREEZ 5 &, &b A &5
FRIEIIT 2 2 EPWEICEDbNS. LA LadShiki &b
HEOMINHEE) 2 i % FEHECE 2 UL, RIFITR T 1 & ERE R
ENTVWTERT A L EBIBERI LB ELIIEAEEDLL W,
BRI IZFAT ) ¥ 7 OB AR T 4 OMEFHZ L > TELMEDS
BEIT A2, INSIEFTY) v 7 o EMBELWHA 742y +
AEZBETICKETT A2 L THIBTE S, Lo TREGETIFE
Pk G B LB 2 AV TS SICHIRIC T E 2 Fig. 4 (d)
DOEEZRFELRHT 5.

2.2 FITVU > DR RN

ARETCIXRTE (F 23R OBRZERBIE O T 2 PG OER
B F A, AT v 7 OR SR EAE, A T2y MAE
WKIGLTED X HIZZALS 5 2 RICFHEBE L L TE#w
a7,

% Fig. 50X HIED L. L, G 3EheEh) v 7k
ENTHY, ¢ 3WHAEL 7y MET 5. HIRITHEICH
BEDORA =V RX—ZA W OF5ONMEIIH D E L, HREFET
Fl—=&9%. o (IEFRA—IIN—ARHERE, BESSIILo
THRMEMIZET 2 AETH L. AIREHRIFICEE, 2T 5
ROEb o &b LWEHTH LK FAMERET S, £1) ¥

AATRy bARGEE 30 % 8 %
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Fig.5 Static force analysis: front wheel negotiating (top), mid-

dle wheel negotiating (bottom)

Long Short
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Fig.6 Results of the static force analysis: suitable for the front

wheel negotiation (left), for the middle wheel negotiation

(right)
7 ZENEE- ALY PO EVOREILT, TNEEMHS
L THRE B O SR (1), PR O&MN (2) 255,
Gr + 5545 (G2 + Ga)

tan ¢ v
(G2 + G4)Ls  cos(¢1 +¢)
F > Gscosa+ Ls+ Ly cos(¢p1+a+¢)
(2)

(1) (2) &0 Ls/La, ¢1 PSR E T IULATER BRI L2E
BERENT) F DVNE L R AW FO—T5T, AR LT 7 BR
BHAKEL D, e BWEMNICEIRT % & Fig. 6 12745,
L oTY »r8T A — 5 ORI X BRI & PO BB
ML= FFT7OBMRICHE Z EHPRBENG.

2.3 BHFEIILL-—RICLBI L UINTA—-2DOREIE

ARETIIENIFE Y 3210 —% “Open Dynamics Engine
(ODE)” [14] % FV CEAEM IS T 2. £9 Fig.4 (b)(c) 12
TR IR CROEBEERR A 1TV, Fig.4(d) L DR ET-
7oA, MR MR R SN o7z, Lo T Y Ml i
Th5 Fig.4(d) AT 5. KIZZOFEIZBWTY ¥ o3
FA—=% L3/Ls & ¢ ZEAEERHLT 5. R bo7zH0
AL (1) SHERSEERE T A BoLERRHEE] F
DORKMEOH—AL, (2) BERTRERZES S ORI (FHEE
r=02W ®80%M1) THb. Fig.7d¥Ial—var
WCHWHBmET LV THhD, KESRERELR EITHEROREL
3DCAD ET7WICHED SHENLMHEEREL T5. LBRK
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Fig.7 Simulation model for the dynamics simulator
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Fig.8 An example of ODE simulation (left) and required force
(right)

Fig.9 Hardware implementation with the optimized link pa-
rameters (the middle wheel is not attached)

WHE M 3 U= FTHIBER Y RN 20 EMER b
GEATVD,

Hly &GEITH O BB E 0.7 LR L, Wil % o i
T5ZLIZE 5T 08[m/s] DHE TEAEIHEAT ZBEOLE
hERAEES) F o KEEFHIIL7:. (0.2 < L3/L4 < 1.6),
(10 < ¢1 < 50) [deg] PHPHTHRIRMICS I 2L —Yark
1To7z. =Bl LT Fig. 8 EICY I ab—2a yoTs, H
12 ¢1 =40 [deg] D & EDOERULHERET) F/Mg (72721 g 13E
Jini#REE) & Ls/Ls OBRERT. #IFRTO/ARA (1)
(2) TPHEENZEBY, L3/Ly DWREL % % L RIBERIZE
N7 B IO PR SR SR B S % B RR T B

BT RE R R A IR L L, O SERSEY MR B0 F
DIRKBEOZEED 20%ANIZINE 2 1) ¥ 78T X —F K7z
f%%, L3/L4 = 0.8, ¢1 =40 [deg] @’fl_g%ffﬂrfi :.@k. %, E@f
AR I RBEE S13 0.9r TH o7z, EBITHER L 2R ¥ —
Vv o R Fig. 9 (RS, B HI L OGS RRME % Z 18
LTI D AR A — )V _R—2% W = 500 [mm] & %% L 727
&, FRET RO RER KB R S 13 90 [mm] TH 5.

2.4 ABE(RTFREENEH

F%ES % HIM A ER AR & Wk 3 5 7o O DR A R — 2 % +55
WD ZEDEE L. —7, FlEEELZERMYELPT S
AEET L, BRI TEXD720/MSWAEDPEE L. Fig. 10
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Fig.10 Problem of the conventional actuator arrangement
(left) and proposed arrangement (right)
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Fig.11 Proposed low-profile in-wheel motor

ST 7 F 2= & Wt A& Bl & [N ADE S 2l O 5RE
FERT. O HMRER TH DA, RHICTHE LT 5 54
RO AR Y a ViR RIT A L, T/ FaT—FN
LI THL7-0mY e ik 2Bk THLTLE
W, EAOTEIFFAFIR SN S, b LREBFIRNERIC T
FaT—%ZRET LI EHTEIUTREMRE R LR E 2w
BRI TR T A 2 EATE S, S HICHIEEEIZ 5O MG
DiFERKILT A L% E 2 5 LikBhHIE CRFETH L 2
ENEF L\, Byl Hlhx i Lo @EO A YR A —
JVE—F TIEHHEAKE <, T 725 AT R 2 B
¥kg DEBETHo72. #ZTFig 10 BITRSH72RT 7 F 2
I—FREERET 5.

Fig. 11 (a) IZRET 2 W FREB G O SRR 7~ 9. Bl
LE—INTT LY E—FIE—KTH Y HEER L v, Lo
TE—F~ORMIIHZEH 28 L CHMRERICERTE 5.
WA (A) ERA— V) AL —kTHD (Fig. 11 (a)). (FEWrHE
FUZREE L7z N=e X7 ) ZIEM % B3 § 5720 1EH K
WWIBIR LT, HE &R A — L) AE8HIIRTY v 7%
AL THRIFEINTVEZ s, HICHEETiETH L. F
LCEM (A) (B) (ZHEREEM CH Y, T2 Ohixy i
WO MEEREI N & 2B L T 5. HE OGRS L Tid (1)
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Ladder
Chain

Wheel Rim/v

Fig.12 Developed low-profile in-wheel motor

| Constant
Force Spring

Fig.13 Tether mechanism to measure the tether length and di-

rection
AW, (2) BEEE, (3) 79 ¥FT7, (4) EUHEE RS
asr v b, (5) F¥F—Fz—rEATOTy N DKL LT
X EZHN5.

RET LM CTITEBORE L FEEFAL TV AH72OHET
DRELEHEIZNSL ZLATEL, HETHLI MR
WESHIRETE S, EoMEEMEE— S HOZOTHY, I
EEDP R L CT L7202 OB EEE M LT 2 L LI
WEIAMEWZ DI ENTEL. FICEH (A) LhA—N
V) AFRSHERNC X ) — R TfEUE, BELLESTH L. &
SICHBIE G DAY — LT IUTE NI Eh 5, FHERKEEA
BHTHAD.

KOS L LT, L Emwlihz BI5 L COigkice—
FEBETLZEDEZONS (Fig.11(b)). F/ZKICEEE
2 HE L AHR O BEFE TSN WIS IEEFTAY N
REABTHIELEZONDL. ZORE, RIS L
ET—FEELEL LD, LELETAY FOESSEIEML X —
HHTE L DY EETEEAFER S LT TRAIEIL D S hTw
L2 Ems, BACLZEENE - A METREILRWER
b, F72Fig 11 (¢) \IORTHREZ L, N FFETIZL
DGRBS IUEE— ¥ ERFREL R A2HETHRIETE 5.

e L7cHE % Fig. 12 1073, EEOBEMEICBVCTHEE
DFHEEREEH (A) 1295 —Fx—%, #F B) 12270
o bE#ERL, SHIEEI R N EIMTORES S 2 EEL
122 THA. R TREMICT Y —F = — v &R
DA, BELTVE, 77 F2T—FITLERDN 17[W]
DEFAy FFEDC T Fart—% (#3YH:380K20) %
vz, F7Ay PO 1/20, Fo—r&RxTary b
12 & B 1/10.4 TH 5.

2.5 TY g

FeiEE O LE L Fig. 13 (2R3 79— #8#% % v CEHE
T5. FRMICIEEF -7 EFEMATLIEL T E LR
B, T TG EFHTELTIA VYRR, TA4Y

HAORY MR 30 B 8 5

Control
System

Parallel

Passive Wheel
¢ =170

Drive Wheel
¢ =250

Fig.14 Overview of the prototype

Table 1 Specification of the prototype

Dimension [W x L x H][460 x 670 x 420 [mm)]
Mass 8.8 [kg] (with a tank & batteries)
Wheel diameter 170 [mm], 250 [mm]
Maximum velocity  |1.0 [m/s]
LEAD-ACID: 12V-2.0Ah x 2

Battery (NP2-12, GS Yuasa)
Actuator 20 [W] x 2: Tamiya 380K20
Reduction ratio 208

Direction angle sensor
Winding angle sensor
CPU
Motor Driver

Potentiometer

SH7047F CLK/44.2 [MHz| (Hitachi)
TITech Robot Driver Ver.2

OESIKS T BRI Z AR TELEME NN (Fra—2
TV TE a3y A by NWS-0.25-1) v, T4 YD
MLEEMEZRT Y aA—2 2L o TEHIT 5. EfEN
AMETAYDPE L VI IRLZTOENEG 2T I DT
w®H/NI VRS 245 [N] OB Z#IR L 72 2T 7 A viEb
PR CESILZGE, BEALHETAZEDTELZW
INSTETHHZ LD, BEOBITOWHFIZE RS R nEE
AEND. AEBIEGEXOL —FL T T7 4V FRATL
FETa vk L TIREIIRATE TEEICHER T E 5.
2.6 VAT LIEA

AEOMBIZ Fig. 14 IR Y. 4% TOBHTIETRTO
BEFEEFELE LTY 7 LG L C & 7225, FEHCIEmk
KR NENERED DDA NR—AZMHRT 5720, Hi
BT LD NSREREE Lz, ZOBRETH- THEEHKITRE
BINKBEESSIZIZEAEEELZ G2 v, 287% 5, BRE)
TNIFEHOARTEE SN, FoHBHOBEHITEICFIT) v 2
B OMRIZ L > TEREIN TV ERLTHSL. 2O LIFH
NEY I 2L —FIZBWTHAITHGE L7z, BEEhG Cd % i
& TITech Robot Driver Ver.2 12> CT¥ 2Pz AL —% %L
THEHH SN TS, TH-DHERESEIRT Vv a A—
FIZXoTEHIIL, 7THusZEEE~ A3y (NAKRy M
TITech SH2 Tiny Controller) 1Z& - CiAlY, E—% K
ANADOIREGEEEE L T\wb. Table 1 [ZBA%E L 7-RBEIAD
LR

3. FTHY—IC & BEREEIH
HEESIITFF -2 B 1) uRy NE oMK, i) aRy &
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Fig. 15 Algorithm for the leader following: (a) pseudo-joystick control, (b) follow-the-
leader algorithm, (c¢) modified follow-the-leader algorithm

BB & oA, i) TR v b & AR & O, iv) %Eii‘w’“ﬁ%%: 3.2 S'Ei#ﬁ(i_ﬁﬁlﬁﬁﬂ
S L7zds, v) BREE, vi) 1HHGEE, vi) BEEEE S —EmOBBFOBEE Y —ENMEZ L EATEN
Bi7z & DR A S Wi R TR O T F/\%/\— . i, Lfiéﬂrk v }~VJ\%ﬁf:ﬁ'ﬁ%%‘@ﬁr"éﬁiﬁ’\@iﬁﬁé*%fﬁ%rﬁl

FH=] LB [15] RO TE 2 2ORPTUINE  EESRRILATE S, WIEER Y, #5R2TKY M
BENBIET B 720 OBFEF 7O HBERIZOWTIE, HIZHE  HofEe B2 L T, [/ UEEREER» 6 /BT
HEONEEDOMBIZA o TGO TIE R L, BEZFOFH-72 P REOBBMBOBELSL 2L TEL. 22 TF¥—
MEHEE Vo 22 ABEEEACRA L, Z0OME EICHEY W, 0Ry FoBEE 22N T(s,), P(s,) &L, st sr

L) HERSEER TSI LT, LVEVHETHEEK)?  *ENTNOUEOHENEHE TS (Fig. 15 (b)). BEEEH

T&LILERLTERE]. AETIHICEMETLIZLIZAY [ ¢ BROTVITY XL E o THLNS.

LNTWREMY a A4 AT 1y 7 BFEHIHE, EE5L0REL Step 1: 7V FLa=y7FEICL Y uRy FoOMEXHET 5.

SR BRHIEIC OV TE 2R RD & & b1, TH—ROZE  §) KM ¢ 2B 2 GHEHEE L MEELEET 5.

BN L 0D bWzt T VT X LDREELTH.
3.1 ST a1 X7 1y VEMEHIE
TH—OmEELRESEORy POBEFEENY FVERLRL i) T A >, KT AOEY FOBE T #8325,

TBIEZAT) FEITD o L D EBWP» OEEN 2 EETTETH

% (Fig.15(a)). TRy NOEMELE V, & AHEE Q, 12K D(t+ At) = T(t) + Q- (1) At (9)

q=AV (8)

TRENS. i) Oy b OBBEME As, #EIT D,
V. = —Kp(lm — ld) COs ¢, (3) AST — VTAt (10>
v,
Q. = — , 4 R . N
w, Sne @ iv) TRy MIE P(s,) 2 EHT 5.
=0 (5)
_ ko |Asr

SET U, L R EREREN T B, HEFF—ETHY, Plor+Asr) = Plsr) + B (1)

p \THESA V), w, ZBRY FOHERTH L. HIERE) N

ThE ¢ ETA Y FORBERR D S RIAAIE 0 Ths o O = DY, MERETF 0Tk

Fw, TEy MEFF— OIS 5. EHOR
BhEG 1252 5N AEERS wr,wr FRATROLNS. ErO _ cos® —sin® (12)
~ |sin® cos ©
V=A"q, (6)
Step 2: 7 —ZufIE T(s: + Asy) ZEHNT 2.
2TV =(wr wr]T,qa=1[V. Q] THY, PF r OBl
DI fHE & 0K M AKOHEEA Y B VBT 5175 A T(se + Ase) = Plsy 1 As) + B lm} (13)
ERR LD, 0
{ "2 W} g Step 3 TFSHBOBBIRL LT 2.
- 7
—2r/wy 2r/w; Ase = [|T (st + Ase) — T(s0)]| (14)

JRSJ Vol. 30 No. 8 40 Oct., 2012
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Step 4: BEREIIA ¢ 2ELT 5.

TRy MiE P(s, + As,) & ORFEHHE p I27ET 27—
UHELE OB Spmin HEFR L, BEHE 6 HEATSHLE T (Stmin +9)
FCICaRy MIEDSS T — B SHERE ISR 5 &9 28
et 2 BT 5. WODPDOFENEZLNDH, KL T
IRy b EERBBEN ¢ RN TRD S,

¢=0-T, (15)

ST O MEMEEER Y o RuRy  BEBETRT
Hsb. ZoHEREAmMERX 3), (4, 6) 5 HIEHEHEE
ZRDBIEDNTEL., RFFEREMY 3 4 X7 1 7 #htih
I LT L 0 S HLEBEHIHITRETH Y, EBE2HDY
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Fig.16 Trajectory following simulation using three different al-
gorithms: (a) pseudo-joystick control, (b) follow-the-
leader control, (¢) modified follow-the-leader control
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Fig. 18 Step climbing experiment: height of the step 80 [mm]
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Fig.19 Step climbing experiment: height of the curb 90 [mm)]
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Fig.20 Driving torque comparison between simulation and ex-
periment negotiating 60 [mm] height step
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Fig.21 An experiment passing through bollards in outdoor environment at 2.0 [s] interval
capture (left), top view of the path (right)
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