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ABSTRACT

Pararobot is a lower limb exoskeleton for walking assist robot. A prototype of
an exoskeleton robot for lower limb assistance is developed for serving who is disability
of lower limb or muscle weak that assist to sit up-down and step walk. To control the

pararobot, the switch button is used to turn on/off the function sit up.down and step walk
operation which is installed on the cane. The Pararobot specification is about 18 kg. of
weight, its performed continue working at least 120 min. of battery usage. The Pararobot
can supporting the user who is maximum weight 90 kg. and height in range of 150 cm.
to 180 cm. The pararobot is maximum velocity at 0.5 m/sec. To operate the control, the

embedded system is applied in order to control with a master controller and four slave
controllers, the trajectory of position of gait pattern and the falling detection are
computed by a master controller. The slave controller is computed to PID motion

control the position of hip joint and knee joint of both legs by the dc motor included the
harmonic gear head. The data communication between master and slave is performed

via RS485 serial protocol. In the experiments, the gait motion in normal person (Male,
height 173 cm. weight 73 kg, is to the average distance of step walking is 0.25 meter
per a single phase, the average velocity at 0.15 m/sec. At average velocity, the motion

of hip joint and knee joint is achieved to position control with the maximum position
error at 6.2 degree of hip joint and 7.3 degree of knee joint. The falling detection function

is performed to detect the state of Pararobot as falling sideward over the range at 33 cm.

the distance between foot plate from ground surface and state as falling forward over
the rang at 145 N.m. the total moment of leg. Therefore, the pararobot is stop working

when the state is an unstable.

Keywords: Pararobot for lower limb assistant, Exoskeleton robot, Trajectory data
pattern, Walking assist robot, Embedded system
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kay Scott-Craig Knee-Ankle-Foot orthosis (V)

[fan: http://yakimaoandp.com/orthotics/knee-ankle-foot-orthosis-kafo/]
[*7'1lm: https://media.lanecc.edu/users/howardc/PTA103L/1030rthoticsLab/1030rthoticsLab_print.html]
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Auntsiiundnglidenseraunsgiduveagudniegnadaganyuvesioaslnnuuend


https://media.lanecc.edu/users/howardc/PTA

nsasimin minldwanaintuziloyszaoauansznsusauuduan, Usauaziunuusiy
wiaSenn Hybrid/plastic KAFO @slneundfidmiiniunniiuuy Conventional KAFO
Scott-Craig KAFO, aMwUsznou 2.1 (2) , Fapanuuuuldidintndosnia-
Uszneumeunulane 2 u Yssnudulunazduuenvesusasdwasnfnfude wiv
sosHuIdUNds (Posterior thigh band) nilsdu uagduntvesnszgnuds (tibia) 8n nils

1% %

Fu s ndutuvdenmeniulen nalnnsvineiuayAaneiu Conventional KAFO Tnedldau
A ] v A v aa XY @ a a 1 & vya v v
NupnseiuAsseuinfiiniseenuuulituasludiiey looasuunumdnline i tazte
witegluvanseaniyindu 10 89e fldauld Swing-through gait ¥30nN19MI8I5819AANS
wioufuasstng Ingasiminilivinassdng n1siedeunansarigldoudndudedld
wasuInuazeiliAnnsEandundaway (Lordosis) Wielvdeayinnimion a1danans
INNISANYINUIINITAUTRUIESUNINATIEe Tagld Conventional KAFO #8n31n15le
WAIUEWIN SfuseaNuTiaisvesnulunumindifuegldndany 3-9 wiwes
AUUNA (Hawran S, beiring-Sorensen, 1992) lnggnilseglsagaqazdsldndanulunisisu
dy o YV YV o % ¥ a aa o
10U ilvsivednAatunultuasslutinuszdniu

o

AMUsENoU 2.2 Neaunsal Hip Guidance orthosis (HGO)

['17'im: http://www.oandp.org/olc/lessons/html]

Hip guidance orthosis (HGO) %58 Parawalker, nMwiUsznau 2.2, d@rulsznaulasy

winiieyseaesazlnnleglusiunus Abduction position Tug39n191NI9U8939950154AU

[

Yaaglnnuwuy Friction free hip Ailin1sdnAnfiden1sielarnIsmiden qudnatstaazinnaas

agvthaugnattowin el wmden wagwindunilsiesenasnniulaenisnaldivinaiu

v W

WU, $19NEEUANURASIUILNTALASaNN eliunaunsawnealUtartnLas dua



o Imapﬂ%’éfaqﬁmummﬁaﬂLﬁﬂﬁuﬁuéfﬂmlﬁﬂﬁmmaL@&Iﬂal%’ﬁwﬁﬂsuaaéﬂﬁaﬁmam Ju
nsundaldvmihuuugneuuniini (Pendulum movement)

Louisiana state university reciprocating gait orthosis, NwUsgnau 2.3, ﬂ']EJQ‘Uﬂiﬂj
Snvauzidl Cable-coupling system (Bowden cables) §sanunsadausefiunvanlvidoazinn

BUATE AR UNUADINU

AMwUsenau 2.3 m'iq*dﬂiﬂj Louisiana state university reciprocating gait orthosis

Steeper advanced reciprocating gait orthoses (ARGO), AMWUsgnau 2.4, ANy
punsnfiifianeifeussuirddoarInnaesiuuasioudiavandiessuy Preumatic iilete
nsan-idlagsududioandoniiiesieunsiu

o T G |

o~ 4

nwUsenau 2.4 N159UnIal Steeper advanced reciprocating gait orthosis (ARGO)



Usenau 2.5 N13gUnIal Isocentric reciprocating gait orthosis (IRGO)

[fan: http://www.centerfororthoticsdesign.com/isocentric_rgo/]

lsocentric reciprocating gait orthosis (IRGO) %38 Reciprocating gait orthosis with
isocentric bearing {5¥UU Pivoting bar ag Tie rod arrangement maqﬂﬂsaﬁwﬁu Dyl
ziduluu Hybrid Wisanimtnusewasusienishd Functional electrical stimulation (FES)
A o v Y] ] o A A ¢ D Ao oa
wseiin1soenuuudeaslnnanyugdieg duiedislunisindeulni negunsalinaniidall
Joneelusesldrudeddndinudeutiannlumsidunioniugu skiaunsoausiney
AUABINTAIUNSIINULABE 19T USEENS AN (Arazpour, et al., 2016) Aedun15IT8TTS
\denld Carbon fiber viln Pre-impregnated carbon fiber nI0MILAAUI Pre-preg Fadu
(% Aa I 1% < 1 20’ C% = o
Tanndanulaawiulunuaunduss nuniu widividnud Inedinsualuldlugaainssy
NSHARNTONYY BudiuveaIesly negunsalifiou-Lasy ag1aunIvay laganiyly
Aslsema wazwaradiAylunisideniaguilalinndanieaunsalasutuliasounqy
AaanURnInessnienmkazilendungigluniseaaul lussnirnisndanisanawualyl
¢ ° Yo P a ! . a a v ° Y a Y & v
wasausailiianiinnuganeu (Flexibility) Tuiienanaenis vilianisiaudniies
szrIsuinutn warAudndlotntdniunely naussdsludamznisisunndadin vinln
dldaunigaunsaliasy anndsnulunsiaunaziviinanisiuiiaunivesas wenaniau
finsnguisdileymn Sensory feedback 53uds Proprioception 4 UusiaafianInIsuoLiu
wazAULTsIvRInAUlosensAuLLazafilunsIAeu nseenLUUNARTMTLaYYe

vamsldanudnludesiansantsgeiisog



2.2 YAYUBUAYIELAY

qﬂﬂiaiwquﬁﬂﬁuLﬂﬁauﬁaawﬁﬂ31uﬂﬂauaﬂ %39 Powered lower extremity
exoskeleton AUA1G1AAAIIUYBY US Food and Drug Administration A9 “A prescription
device that is composed of an external , powered, motorized orthosis used for medical
purposes that is placed over a person paralysed or weakend limbs for the purpose of
providing ambulation”(Food and Drug Administration, HHS, 2015) Usenaulusie n1e
gunsainmeuenssmeiflszuuduidslunstuinieu Wetiwauinssumensodungals
B iy Jutule uasAnnssuludinusesrTuethsaondy megunsaivded dnidu gunsal
wnng Class Il 9131 US Food and Drug Administration. J330uin15nunIulssanssy
(review) #auUY Systematic uagluy Narrative ieafuniegunsal Ssfiaauszasdiiiefinu
Uszansaunsedtnuazauvasaselunisldau (Miller, 2016; Vidal, 2016).

Ua3Uu Powered lower extremity exoskeleton fifvrenuiiesnanndl 8 wuu
Usenaunlg Bionic leg (AlterG Inc Fremonth, CA, USA), Ekso exoskeleton (Eksobionics
Ltd, Richmond, CA, USA), Hybrid assisted limb (HAL; Cyberdyne Inc., tsukuba, Japan),
Indego ( Parker Hannifin Corp., Macedonia, OH, USA), Kinesis ( Technaid, Madrid, Spain),
ReWalk (Argo Medical Technologies Ltd., Yokneam Llit, Israel), WalkTraner (SWORTEC,
Switzerland) ae Wearable power-assist locomotor exoskeleton (WPAL; Fujita Health
University, Japan). Powered lower extremity exoskeleton ‘17?\‘1 8 LL‘U‘U‘fT AAULanAIAY
Tudruvesiidovomuuiiinn, axlnn viedeii, dntn, szuumuauuasiuiges, sUsuulnun

(5%

ANSYIN9U WAEUNIBUUINISEY Functional electrical stimulation (FES) aauff8-Kinesis

Y
9/

wag Walkrainer ag14lsAn1 Powered lower extremity exoskeleton 14 8 LWUU Hanwug
Yegaimilouiufan1siiveaslnn Yatnastainaiuisainaaulmlaegnaas lunnwny
Dy Bl MARBUN AANINAMUABDINIT UBNINNUNITAFBULNI NTEANTUAIVDITBLINE S

@113V Active Uae Passive nemaluds gldddasmedminiuldii 3e Walker

ninieendt 25 Alansy, Iszuudeuainaunsaliasy

=

Wiasnwauna nreaunsalvanl

wu Tiwh wagoonuuudmiudlditidiugesening 145-191 wuRnsuasiiimintosnin
136 Alansu

ﬁgﬂﬁﬁﬁaﬁmuﬂﬁugmmﬂ%’mu Powered lower extremity exoskeleton ety
Tunguaufinsuinidunsegnlvduvdadeliiadoulmldesnwasafouar Uosiueinisunsn
Fousna egheiiusyansamiuddiidniay fawdifidnsuidednlnglunmsfnudagiudu

ﬂﬁjyﬁﬁa’m’limm%mzﬁu T10 a9l (45% of reviewed studies in Contreas-Vidal, 2016)
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Y 1

wigtlddveustaauvenguauiinisiarlausslevidaiauainnisldniegunsalyiail

waNNUITUUAIUANNITTUAGDU LazssuuliAn1sUssliuaudasnde Uselewd wasnis
T uiusndudastinmsimuisaly

Tudagdunisimu1uidenieriugunsaln1anisunndag1aunsvaey was

[

noUsrasdfiazdromiediinidymmanindu Wamsandeulmussiaduaiand e
viouas lnenisiadsulmliifisuidssiuauund g Aaron M, et al,, 2007 ldo3une
WeANTINFULUUTBINITIAUYasAUUNG (82 Alansu, A3ME191 0.99 WnT, 18 81y 28 U,
Audennugs 1.27 waseedund) Tudinvesndeansdous alnn (Hip), %191 (Knee), 70

Wi (Ankle) tnenisasndlassadisdunuuiiiaiudeyailaninnisiauvesauund dwinlii

v v

fepinsvesnisiiuludiureinsan Ineraansuan it wuueInsiAdounveaiaL

%

Jawin wazazlnn srudandantgluniseasulilulsazdiu

SEUUAUAASlUNITIAROUINY NSLAUNURILUITEUIU (Viet Anh Dung Cai, et al,,
2011) Inedinseenwuugunsalianizludiuvestow wwunnunudaseludiuvestaw (6
DOFs Knee Exoskeleton) AanunsausulUasunsinignlteaainnisiaaaulmdaidn wiali
a = 1 U 4‘ ‘NI = 7 (] % > d‘
Wnaudanguiazdesiunisiedoulmniiuveuiun lngordemastuinioutainasinil

N3EKanse (DC Motor) ¥1n15AIUANLSITn (Torque) vasni1siiuludiuda tiosuniu

=

wsadniinannsiu edddlaunsalvielunisimaeulnisenin Roboknee ( Pratt, et al.,

9

[

2004) gUnsaITuULATOULEITEUIULTENTN Linear series elastic actuator (SEA) LaLiumgs

ludurastor Tunstuasdule uasdigsesfudminvesyalunisinaulagaiuauwsidn

v -

U919 FaliwuigasTansinaaniusu (luwuisa) 913U 2 ¥a Audreuazen Wenuay

o w 1

wssUatudinvasdan Wugunsaldumdshelunsindoulmnlidfinsiauyalasasne

o A =

ugudnukuulun1stieny Ineidumaaiiadiuel kaeiussquesd msuwuun1seYoantin
Ineldseuu Linear hydraulic actuator 1Jufiaesridmdnueeseuy @1unsasunseAIshun
aevadldannlisniy 100 Alandy Wetrowdslunmswunduniszene uwidesiiavesimin
yasa 75 Alandu 1uguassadnusznisvils
N1300NKUUKAZTAILIYALATIRUBUALESUAIGILUULANGT 138037 HAL (Hybrid
Assistive Leg) 310 University of Tsukuba ‘Uizmﬁiﬁ'ﬂqu (Kawamoto, et al., 2003) aaALUU
dvduiiasyavsammsvhanuvesfanld fuewmesduindeundeusyuunaidauuueily
7in Tuduvesazlnn wazdoin lnothluldemdslunsindeueguasluaniuneiuia

1 =4 o U a U U U b4 dn’ d{l
wazredod I uNnIUgyinenisiu lneordunisindygianaiuile (EMG) wialuas

Y

Wudyaramaliihdidavselind wazdsdygraludauasnajueudiioussuiana i



11

awmiaﬁwmulé]’asmgﬂéfaamuguLLUU*UENmam?iauimmamamw Wideenuuuituse i
Tnsisguunsiadunsenm ﬁLﬁﬂ%quﬁumzﬂﬁﬁ’amu LﬁaiﬁssuuauaaﬂamU@mmsﬁquﬁum
wownesd Ifdeidinevausinisvneuldegiaiiussaninim Tnossuuaes HAL-5 fnda
wuwesnsIatnnaiioseninsasInnuazdow Insdndisansilevosn wuweduuy
Potentiometers §1M3UN15IAMUMUILNBIA WUILBTIALITINA WUILBTIATEAUANNANAR
waziruresinAuse lnggunsaldsnangniunldly szuumiuausULuuMSAuLAESEUY
EMG Tne HAL-5 fltutin 21 Alan$u wdssundnainuuamesanunsasessunisviauld
odsstoLiioaUszana 160 und Tnenisnmassanunsasesdutvtinunis 40 Alandu sied

HAL-5 laiaunlmdigiandivd dwsuanumeuialudsemegdy

AMUTENOU 2.6 YARUAITIYIYULTI BLEEX (1) Uag HAL-5 (1)

[
(% L3 (%

1P891UATEFINED LARAFIRUNTUNSIDT

9

anaulniinauiie (EMG) dygyieuann

v

néuliawiesuaniuznisdeulnl aunsalanuisadundouniuguwuunisinieud

9
= .

wadlougaAuindtieruuss Fanngigadeninuidnveuans wisiludunin Aazeniiaz

Y U Y

asvdudgradlviinauilevisuans Jevilviivedndn densinluldnuluauinisaiseais
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—

o

AMNUIENDU 2.7 AULUUuEuAgIsLAudmTy

AYNNANNATIVIOUAN AMEIAINTTUAENS

9

WINgIREAIUNY (Wanayuth, et al., 2017)

MonanuAITensiamnyaduluulassusudTIsIud iUy nnanmaIeans
(Wanayuth, et al,, 2017) wansasn1mdsznau 2.7 é’aﬂ’fmqﬂismﬁwé’ﬂlﬁaaﬂLLUUE%’W%?UQ’“‘
1¥au3dna3eans anunsandeuiildnusuuvunisiedeulmilsduiinlianauund
Usgnaulufeszuumuauauiladdunmshauie nsanidludnuagvimatuuiig s
Aauduludnuagyiinimsdu wermafuludnuaznsifudeides awisodinisieaing
nldivdndu Tnsgaviuuditmdnuszana 25 Alandu UiuReuldldsni 180 und
annsasesiudalaminlaiAu 90 Alany dugs 150-180 Leufans Anusigeaniade
L3t 0.25 wassiedund meldssuumuauausanadsinuuuendiu wialuiuszuana
wan §msulszananaguluunsau (Gait pattern) WagdIUseaanasesdIuIu 4 Y §1msU
muauduasnnuazdaidwiaestng nessuuauauiumisesmvasnisindoudl fedh
auanitled Insszuvdeasdeyaseminsussinaiamuakiun1sdeasuuy Rsass unis
yaapsvhnseuteyaiumismaiadoulmainauund (navie gs 173 wudiuas dimiin
73 Alan3y) dszeynsfifuaede 25 wuRwasdonismauiu anudtade 0.15 wnsde
Junit Tagszuumuaundnyszananasumisnsindoulmunazdsdoyadunisludai
muAuges limuasiwisesmmsindeuiivesdiuasinnuaztein lnsanusaniununis
Funaldnssnudeants Falaesmianaiaveduisdiuresasinnadonittu 8 aaem

LAYANBIAIRANAINVDIFILAUIAIUVDIEL INNRAUWINAY 12 99711
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2.3 aUAIEASUBUA

nsladouiivesusuiviesaumanivemiusud Usenausegavsu Uoint) wagfules
(Link) Tngl¥insindouiivesqauans (End-effector) wWasuutas sadlanunsavhanluiiuil 7
mvualimudedninvesanyuwasiules dunmysenau 2.8 dmIunsinseiaauaans
YofusuTUAINIRILIn s A uazanuidevaaniles Tnglifiansanuse
fAnIINsIAAoUT Jaarlinevinrdiiusseninanisiadeudl (Motion) use (Force) uaz
w349 (Torque) axdunmsiinsesiludnvosmsdnywamans (Dynamics) Maiinaumans
vuowd 1Duadinmansfiliuaninnuduiudseminsiumisazmsmuesusazinuloses
YuUA

Revolute Joint 0
Link O

Revolute Joint 1

Link 1

Revolute Joint 2
Link 2

Revolute Joint 3

Foot plate

AMNUTENBU 2.8 29AUTENBUNSIAROUTIVBIIAUAIARTYIUEUA

JauEn3YUEUs (Robot Kinematics) Ul 2 Uszunnfe
- Forward Kinematics %138 Direct Kinematics Ao {Jun1sfiununnueivesnules
LAz LAY ALY IAEENNNTOAUINNALTLIRIgAUaNY
- Invert Kinematics #e {unsivuaanuenvesinules uazsuiaesdimneg
w309AUaY ﬂwaiuﬁuﬁﬂwsﬁwmuéuaqﬁuauﬁ IAEANNNTOATINNNYUVDIANYY
lumsieseiaaumansiueud anyaenanIen nvemueun @a1unsnesuelugliuuves
Kinernatics diagram iielianunsadlaléie dwisnsdnn fnae¥dnsmun wu

Denavit-Hartenberg: DH matrix, n1suUasavadin wagisnsiwadn [Judu

2.3.1 @uUMEATHUBUARIEIENITNYANN
JauFansiuBudmeIsnsivadn [WunsAnuaunmeadamans 1Usznousie

aa 1 ¢ [y [ £ o a & 1 1
s wu nguedaled Anneda Wudu lneadegunsaavadiniiugiy Windelunis
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fua Tnemsmumalilliifedosiu uss ndsueau namans Wesndunismaunis
Yosaaumansiueud lngvinnsduinaIng e (Base) auilagauany (End-effector) 1l
WiiurdsUanemesssuy  Ingivuamnisifiwesfiieidedunsaiwinie  aue
Yo9iules wazyuvesn iy Awdasbiiulunmyssnau 2.9 sauransiusuddosnu

2-DOF (DOF: degree of freedom)

P(x,y)

ANUTENBY 2.9 FaUMIERTYUEUAGDILNY

We ( AeANE1IVBINIULeY, B ADYHTYDIIAVIYU AITIU AUIUMIAIUILIUBIRA P(x,y) Mg

35 Forward kinematics

x = lyjcos0, + l,cos(61 + 6,) 2.1
y = llsinal + lein(Ql + 02) 2.2

NsLNYeINITTYY tnefmunssezaaeinules L wazaauans Plxy) aunsarmwialaann

35715 Invert Kinematics ’i]’lﬂg‘d‘fl”mém

y
A

nUseneu 2.10 yuniglusaummansvueuinuvesnglaleil
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nnguedlalel

c? = a®+b? — 2abcosa 2.3

TZ = l12+ 122 + lelZCOSC( 2.4

2 2 2 2
xX“+yc—11°-1
cosax = Y —1 2 2.5
21,1,

91 sin%0 + cos?0 = 1 n faly
sina = V1 — cos?a 2.6

NAUNIT (2.5) hag (2.6) agla

sina
tana = 2.7
cosa
a = atan2(sina, cosa) 2.8
muuald 6, = a — 180
ey
6, = atanZ(m, cosa) — 180 2.9
lagvyy 6, lng
6,=p+y 2.10
v y Taeldnnuesaanmdouyuann tany = % 2.11
Fedudielfanunsomay y senuldimauinuazay lawsd
y = atan2(y, x) 2.12
s B laglinguedalud
1,2 = 1,% +r% — 2l rcosp 2.13
L = L%+ x% + y% — 21;,/x% + y2cosp 2.14
St
cosf = N S 2.15

910 sin%6 + cos?6 = 1 faly

sinf = V1 — cos?f 2.16
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PNAUNTT (2.15) way (2.16) azle

t = 2.17
anp cosfs
I
B = atan2(sinf, cosf) 2.18
B = atan2(V1 — cos?pB, cosp) 2.19

AILUANITOAIUINIAT 0, = B + ¥ wag 6, = a — 180 lngaunsilaglunis

ATLINAIYUYDIPANLUVBIN UL UEUANEBIAE

0, = atanZ(,/ 1 — cos?B, cosB) — atan2(y, x) 2.20

0, = atanZ(\/l — cos?Zq, coscx) — 180 2.21
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232 @uAIEASHUBUAGIE Homogenous Transformation
nsfunRaumandusuiUszneuse Mulsadeudefuwuuoyny uazy
vosgevuluuiasiules  ilefuinmniumiiasiavyuvesgaUaens  Tnedsd
136031 Forward Kinematic @1u1saA1unadl@aindd Denavit-Hartenberg lngondy
W19e05IUNIAILIM aj_; ABANBITOINULEY oci_ﬁaquﬁawaaﬁﬂé’aﬁﬁ@
Mnmsdauuunulyl d; Aeszevvdonvesiulssiiasuluvesuuiuny uaz 0; fe

Aa

YuNHinswasuLUaweanyu Lagamnis1dnesne

Awdsenau 2.11 ﬂ’]iﬁ?ﬂﬂﬂwqiqﬁLW@%?J@Q@@MHULL@SF?{’]UIEN

[ﬁm: https://pt.wikipedia.org/wiki/Par%C3%A2metros_de Denavit-Hartenberg]

PMNANUTZNBU 2.11 NTANUATZEL iy INSIATEUEUNINUAY Zi_y DN Z;
ANUWLILAY Xj_g, NITAIAUALY 0G4 ImayuﬁmﬁauwaﬁwmLLmLLﬂu Zi_q oy Z;
AIULUILAU X, NTAMUATEYE d; lneTnszasiisainuuannu X;_, 09 X; asiuiuny
Z;, miﬁmumu 0; IfﬂaaguﬁmﬁauwaﬁzwmLLmLmu Xi_1 09 X; uuuAY Z;

Wn3NgRUgULUY Denavit-Hartenberg anninsy {} 8198 1nuusa {i-1} vilag
FuannsfuannImyy (Rotation) uaxnsidey (Translation) lasnnsgausuy

(Post multiplication) A3l

AT = Re(ai_1) Dy (a;_1)R,(8)D,(d;) 2.22
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1 0 0 01[1 0 O a;_q][cosH; sind; 0 O][1 O
0 cosa;_y -—sina;_y O||0 1 0 O sinf; «cosf; 0 O0O[|0 1
0 sina;_y cosa;_; O0l|]0 0 1 O 0 0 1 0[]0 O
0 0 0 1 o o 1 0 0 0 1110 O
coso; —sinb; 0 aj_1
sinf;cosa;_; cosbO;cosa;_; —sina;_; —sina;_,d; 293

sinf;sina;_, cosf;sina;_; cosa;_;  cosa;_id;
0 0 0 1

BR) R ey R, A8 Rotation matrix, D, ey D, Ao Translation matrix lmenns
AU Forward kinematics 9¢ATIMNAINGIUANIUIIAUAY A1UTAAIUIUATLNTAN

VBAUATNAINGIUANAGUAT

basep _ Op I n-lT 2.24

end_effector
fatuaunsagle

i1 T2 T13 Px

base _ 1 Tz T3 Py
end_effector* — ry; Iz, T3z Py

0 O 0 1

2.25

FBE19NIIATUINAIBITNTT Denavit-Hartenberg

Y3

X3

AMUTENBY 2.12 IAUAAATNINAVBIMULUALUUABILNY

A1519% 2.1 MIANUANISIELMDIVBY Denavit-Hartenberg

i 0; o1 aj—1 d;
1 0, 0 0 0
2 0, 0 1l 0
3 0 0 1, 0

SR OO

mr & oo
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cosf; —sinf; 0 O cosf, —sinf, 0 [
oT — sinf; cosf; 0 O 1T — sin8, cosf, 0 O
! 0 0 1 0] °? 0 0 1 0
0 0 0 1 0 0 0 1
1 0 0 I
01 0 O
iT = 22
3 0 01 0 0
0 0 0 1
Fethuaunsagly 9T = OT 4T 2T
cos(6, +6,) -—sin(6;+6,) 0 LlicosO;+l,cos(6;+6,)
()T - Sln(91 + 92) COS(91 + 92) 0 llsinel + l25ln(91 + 62) 227
3 0 0 1 0
0 0 0 1

INIBNsAnARinUatemdaenIsiualukasseeeAUles  AEUNTaNSIUR
AuntegaUaigain Translation matrix ¥4 Px, Py, Pz Uag Rotation matrix, Rj (i=
j=1,2,3) iiifaanunsaivuedidauateniauassseenules LiomuIMmILuvaLsiag

AviyU @1nTaAwIlugULUUYe Invert kinematics tnefinuali
Iy Tz Tpz Py

z; T3z TI33 Py
0 0 0 1

th 9T~ qauisaosinsvosannisi (2.28)
0pr—-10 — 0p-10
19T =9129TIT 2T 2.29

71917 = 1T2T 2.30
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cos@; sinB; 0 O0]fri1 iz Tz Px
—sinB; cosf; 0 Of|rz21 T2 T23 Dy

0 0 1 Of|Ts1 T3z I3z Pg
0 0 0 1 0 0 0 1
cosf, —sin6, 0 L][1 O 0 U
_|sin6, cos6, 0 O0]|0 1 0 O
oo 0 1 0|0 0 1 0
0 0 0 1110 0 0 1

2.31

PIELksUd (1,4) wae (2,4) ¥9aUn3n 3Naun1sh (2.31)

cos?6,P? + sin*6, P} + 2P, P,cos0;sinb; = l5cos*0, + 21,1,cos0, + 5

2.32
sin?0,P¢ + cos?6, P} — 2P,P,cos0;sinb,; = l5sin*0, 2.33
1naunns (2.32) vinaunis (2.33)
PZ(cos?6; + sin®6,) + P7(sin®6; + cos?6,)
= 15(c0s%0, + sin?6,) + 21,1,cos0, + 12 2.34
PZ 4+ P} =15+ 21y1,c0s60, + I 2.35
PZ+Pi—15-13
cosf, = A 2.36
20,1,
\ilo cosB = a 9gflAvindy 6 = Atan2(+V1 — a2,a) ity
2,.p2_32_3212 p2.p2_j32_;2
0, = Atan2| + J 1- [P“Py b lz] e 2.37
20,1, 20,1,

i 0, Teeiisuvus (1,4) veaun3n 91naunsi (2.31)

cos0, P + sinb, P, = l,cos60, + [, 2.38
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118 a sind + b cos® = ¢ AANVIAU 0 = Atan2(a,b) + Atan2( a2 + b2 — cz,c)

#1914

0, = Atan2(P,, B,) t Atan2 (\/PyZ + P2 — (I,c050, + 1,)?,1,c0s0, + ll> 2.39

[
v

MatiN15AINM Forward kinematics Ingditamvualil AvuaRILuU8IN1S1ULaE LA
seevveInules gaunsamiinegavanels waglumanduiu Wedmueiidngadaieuas

JeevvRInUles AwaUsamwINIIYLYeIusazLnUnUl B95undn Invert kinematics

2.4 Nge)n1IAIUANNBNRSHNY Wlafinaulnsa

Wlofmaulnsa #3e Proportional integral derivative controller (PID) L‘ﬂmz‘uumuqm
fllumagramnssuenaunsnats eflazwerowandoRanaialuvazszuuinay 1wy
FEUUAIUANAIUNUG 52UUAIUANAIINGY szuumIuauwssla 1Wudu Tunismiuaudasande
Andnadslunisiudunisyie M%amimuqﬂmaﬁﬂwumﬁmﬂimuﬁﬁmmi (Set point) g
ASAIUAILUT Set point AaztunUszinanalazasamadnsanntsAwalUaniunig
uwilanunszurunisidegneiud wielvssuvaiuisanevaussldognesinis wazan
Toiawarnlitiosdian lnun13Audn PID Uszneusiy 3 daudidny Ae Proportional,
Integral uag Derivative anunsaueniduaumisfives Insanunsausuasuansiivosus
avdnlfegnunnzauiussuutiug deiimuauiiled anunsadidunsaiunuiiean
ABINITRNIZNTZUIUNTT LABNITABUAUBIVDINITAIUANIZEINITAaTUIETULIVRINIS

movaueIBINIsAIVANTaRanan tnvaunsausnaantiiu 3 du Al

o Kpe(d)
Set point t Output
eLL@ﬂ.—’ K; f e(t)dt L » Process
0
de(t) T
> K
i BRPT:

amUsenay 2.13 uienlaosunsuvesnisaunuiiled



22

u(t) = Kye(t) + K; [, e(t)dt + Kd%e(t) 2.40

ey Proportional \WiguwUawnugnsaiuvesen error Y9t Faanunsaliould
dl d! 1 o o 1 U ! dl L g.J/ d‘
PINANNTTN 2.41 BIAT Py a1 50AIULALEN1TUNAN error ingafiuAIAsi K, datiuiile

& A 1 £ =

Nadns TArgenng dnazmnefinsnevauedldiiity uwiidewinA1figawin e1aviiliin
Porananlaunnmilieuiu gunnifuliazilugnishifiiefios fohliananisdu (Oscillate)
AUUA Py, FRANOIANATDISTULTIdIDRNYY, K, Aaadunanisniwesnivuadily, e

A a O v | Ao v a
ADANANUNANAIR (ANNIAU — ﬂ']‘l/l'lﬂim), t ﬂ@ﬂ']‘UL'Ja'ﬂ,ﬂe]
Poue = Kye(t) 2.41

dun1s Integral anunsaleulamuaunisin 242 lag |y, AsA1d@eni, K Ao
1 a fd‘ 1Y & 1 a 1 gj v 1 dlq.l 2, =4
AR, e AaAAURANANR (ARIAL — ANTIAL), t ABAIULIAN &l LIa

a9, T AafUsiuueInIuna
Lowe = K; [ e ()dt 2.42

dun15 Derivative @1xnsaleulamuaunisi 2.43 Iag D, AoAfidseanil, Ky Ao

ANITARRSTTAIINY, e ApAiAuRawaIn (AU — ATTala), t AeATULIaT Bl haila 9
d
Dour = Kq—-e(t) 2.43

lngasudnruauwuuiiled aslinsfiweiNdewiinisuivegaiudl Aownaeinig

o

YYIY, N1TAIANIAT UWAgBRIIAT Fenrsaruauiuuiiledivuignaziunldiunisaiuay

[

N3¥UIUNT 38gUMTAIVANNTA1AIAIEIUINKATUTIAINE T UNIule g 1ag

ToRvaen1sAIUANLUURLed Aolimuaunsalun1sguavaeNnszuIunIsMAWILIY ¥3e

a 1o w & o a YN
L‘LJ@'EJULLU@QE)% ﬂ']'i]@@@‘wLGZWWlLﬂ@l"ﬂ']ﬂﬂ’]iﬂ')‘UﬂﬂJLLUUﬁ@ﬁ'ﬂu
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WL SUBMUUAYILAUAMTUAUNNITIUNIAATIVIDUEN

3.1 N152dNLUUTZUU (System Overview)
wlsuensjusudtisiduldesnuuudmniuauiinissuninedviousns lneglday
dosanulduvuBaindiutnsesdunisansdg lnsannsomulduarindsnenuies fige
5995 917 SU9 waLYIWWIBUAN U TagnaERnnInIsLIIg 3nan1tuEsy
saflensiunaussaninmsnisunmduwiend Tnedafasclududduazaviouds el
nsgdurieudiwazauvasadelunisldau Inedauldazdesanldynlasanislsven
vusudvsliulazannsadinsiiaieniuldanliivhdiengs lnsawnsanatuden
flardunsldaufe n1siiu Mt msfafuwasdivenutismide lngszuuagiuddan
JunanaeananninisUdestune szuvazdsnslivgavihe Wedauldidendudanis
Fudmiuiadeulmveudns sruvansinavetaisns Uiy aiidwiwazUssaiana
sUnuunsiudlfAvdoyanisfuvesauund wasdnsludgunsalduindouniugamyy
#1139 voaiaua Tududidey 1w azlun Jowwn Wudu Insaussnaszitnisaiuguns
yhandlmsamusuiuumsfaduliauy saifian fedyanslsueniusuddieiunazyns
Foudefuliivnadu ileruaunisiinusesyawslsuenvusudiieiiun s
Uszppsvagmauiuvadadnlddniie lnelidunadmiunisienu wazdunadmiurening
Prewde iijanldinmnintesedtlnogimis feannsanatslunsdvenimdiomie

o

=) a ! vV v A 1 = 1 o [ 14
sawnanidy ssuvasdsdyanaluiigauariui dnuasevielnsdnidyaalsay

Slave Controller 7> g) | A7 Slave Controller
Slave Controller |- "( Slave Controller

| Gyroscope & Accelerometer |

Smart
Phone

i Master Controller
Cane Communication Cellular Network g

Module

AMUTENBY 3.1 NIYINUVBITTUUNTINTUBNYUEUATIEAUAT IO UES
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nanNsiuYessTUUIN T lsUenusudTIIAudmIuALRN TS uNIRATs
Viouans faeszuvaneenailsa (Embedded system) wiadu fauszunanandn (Master
controller) 91u3u 1 67 wazdlUszutanagey (Slave controller) 31U 4 #7 lagdn
Uszananagesgnesnuuulvinauangdiu dmiunismivauyueain1syuvesaslnn
wazdoiinfisansdng fausznanagesazrmihnuaunsiedouiiveanyuesiaunva
0197 lagmuaunaiauresemeslimyulusiasmitiuausiazd lnsssuulszana
éaaaz%’ué’mmmmﬂﬁmismawawé’ﬂiumimmmmﬁumﬁaumaLmas‘ﬂssuamﬂ (DC
motor) Inediiuigesuuunenlygnauldniaes (Absolute encoder) \uminsiainaAny
3mYDIgAVUATinITABULUAY LiBYN13M9I9E0UAINYNABIYDINTUYLYBILNDIA
Fauszananandnazsmihfiuszananaguuuunsiiu uavdedeyaludsiuszananades
ruszuuLAIetsdeasuuliate (Wieless communication) lnglddayaaainluga
117551 IEEE 802.11n A27aidl 2.4 GHz 1uszuvdeasnieluszuvaesnailsfuuuuen
du wazdudeusiogunsalifuwes Gyroscope uaz Accelerometer Lilemsiageuaniug N3

N33 wazAusd lusagiiniswedeulm wagsumdnisauaunsviauaingaiuld i

YunangniadandedurasliiivinAndu

3.2 9UAEAVNINANTIARBUANISL5UBN (Pararobot Kinematic Model)
sUkUUNIIALAUARIe AENISIAToUNVBId UMY vawviaud dlaell 3 9AnaU Ao

yauyuludiuaglnn (Hip) To1d (Knee) wazdaiyn (Ankle) wanssianimusenay 3.2 39l

[ 7 '
v a v =

sunedwviouaamnsanfoulmild el gymwaninnisnisiedeulminlianuidnvieu

Y 9

' [
a0 v W

a JsdesendenisindouvesdIuNdA e 3 dude axlnwn Jown wazdewin @ewindu
PUYURUVUBATE) F90NLUUIAUAAATIINATDINIT IS UBNUELG Tiaunsnindeunives
yuazlnndoiwazdouin wielvguwuunsiadeulmvesnluwdasdraiisuifesguiuures

ATSLAY
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Joint
Revolution

| Piolx,2)

A 4
~

l Side View

AMUsENOY 3.2 Inyudmsuaswiaua1s azlnn, Yeliiazdawi

lninualviyuiiindu yavgudinaginn (8,,) 9ryuaITII(0,,.) Lazannyu
FIULBNN(0, ) WNBTENNTT NISARDUTIVINITAUVDILABLUY TILUNITWIRAUAIANTNI

name Invert kinematics ILUANIAUNITVRIAYUAITD UL

T = Rot(8,,)Trans(L,)Rot(B,,..) Trans(L,) Rot(B,.) wile 0= 0., Bee= 0, Uz B,0= 6,
cosf; —sinf; 0 O 0 L
oT — sinf; cos6; 0 O 0 O
1 0 0 1 0 1 ol
0 0 0 1 0 1

o~
N

cosf, —sinb,
1T_Ism92 cos@z
cosf; —sinf; 0

0

1

0

2T — sinf;  cosf3 0 31
3 0 0 0
0 0 1
C050123 _Sin9123 llcosgl + lzC05912
3.2

3 0 0 0

0

o — sinf,3 co0sBi,3 0 [;sinf; + [;sinb,,
1

0 0 0 1

Lﬁ@ 012 = 91 + 02, 9123 = 01 + 92 + 03

ANRUA LA



cosp —sin® O

o — sin cos@® O
3 0 0 1
0

0 0

R oL R

1319 cos® = c050y,3 ,SING = Sinby3
NANNTT 3.3 ANUALA
x = lycos0, + l,co0s04,

y = l;sinf; + [l,sinf,,

wAauns 3.4 uazaunis 3.5 Inpenidsdewiianinsnaonaunns

x2 +y% = 1,% 4+ 1,% + 21, 1,c0s6,
1NNUeAlYA cosl;, = cosB;cosh, — sind,sind, way
sinby, = cosb;sinb, + sinb;coso,

v ¥ )
ARUUANUTOLLNANNITN 3.6

xz+yz—llz—l22

20,1,

cosf, =

NNYUaslYA VeoshZ + sinB2 = 1 fsuu unaun1si 3.7 agle

sinf, = + /1 — co0s0,”

INNFUNIT 3.7 Lazdln1g 3.8 ﬁﬂﬁu

6, = Atan2(sin@,, cos8,)
ﬁ’lﬁJ'ﬁﬂﬁ'TU’Jm‘MWl‘lliJ 91 INANNT 3.4 Lagauns 3.5
ety

x = kycos0; — k,sin6,

y = kysinf; + k,cos6,

Lﬁa kl = ll + lzCOSGZ ,kz = lzsinez

r = ’k12+k22

y = Atan2(k,, k)

INNYUOIANIINTa vuali

bbeYS

26

33

34
35

3.6

3.7

3.8

39

3.10
3.11

3.12

3.13
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ki =rcosy,k, =rsiny 3.14

wuATlUENNIT 3.10 wavaunns 3.11

% = cos y cosf; — siny sinB; = cos(y + 6;) 3.15
% = cos y sinf; + siny cosf; = sin(y + 0,) 3.16
thaunsi 3.15 uag 3.16 A

y + 64 = Atan2 (%,i—c) = Atan2(y, x) 3.17

agla
0, = Atan2(y,x) — Atan2(k,, k;) 3.18
0, + 6, + 6; = Atan2(sin®, cos@) = @ 3.19

ety

xX(f+hcO hsB,\ x(4+hcH hsO
Oy 6; - Atan i\/1< (h+h 22);)’2 2>' (h+h 22);}’2 2 3.20
X +y X“+y

X2+y2-[12—]22 X2+y2-]12-[22
Onec= 0, = Atan | £+ [1- , 3.21
knee~ U2 = £LAN —\/ < 20k 21k
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3.3 AauAEnMIenan1sLiudediiudag (Fall Detection)
sUsuunsliBeainutnsiinadonisideultimin agiliannisduluvaenis
WAL Baaunsadmuaduaunisnsiiudesdniulassadanslsveniueud ganyuly
druazlnn (Hip) 99191 (Knee) wansasnmisznauil 3.3 Feludiuveinisnsaainnisiiy
= 1 L% ¥ ¥ ¥ dl dl ¥ ¥ dl v I 1 v
weazdiedasiunisauluaudie luvaziedounlutroni Wesngaldliansadnm
aunauveIgAlATIEIIITIlsuanueud Aeluniseenuuulassaiiusuidesdasiuuay

Uaansdesianlda ievhivinisindeunvesijueudiisufgsiunsiadeununalyunian

Gyro & Accelerometer Sensor

‘ Absolute Encoder Sensor

Joint
Revolution

AL -7 i pelxa)

Side View

Front View

AMwUsENay 3.3 Faumaninienanisiiudswedlassasiaiueus

NFURMTUA AuImanIuzveINsliudeweiueud fMvuali L, Aeszeyves
Vol seningavyuaslnn L, Aoszusuaviouany seninaganyudeii 89 9anyuveste
¥ = ¥ L3 =3 ¥ (3 ¥ 1
Wi WasL @; kAT @, AayuesmlaanaunsaikenlegnidulAnines vesaslnnuaztowm
1A8YINTATUIMIIAITEEEANU0Y K, ke K, alwilnu z agla

K1 == L1 Sln (pl 322
K, = L,cos ¢, 3.23

nnguadialed yunely awnsadwialaaingy 180 — @,—(90 — ;) Al

MUuAlA @, 89

P3 = 90 — (P2+(p1 3.24
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Faths unuAnaunis 3.24 a¢lg
K, = L, cos(90 — @,+¢,) 3.25
MszErMTAGeuTluLILY z aansamuialdan z = K1 - K2 agld
z = Ly sin@; — L, cos(90 — @,+¢;) 3.26

N1sAUINMIAn N SlTB e edlATIas e TIlsuaNuELR anunsafuInle

[

310 laaud (Q) MNYeAUdNaIsueuAlinIsasuLUauAumMNIMIUA dunisrall

Q, = % Lycos(¢3) 3.27

Q, = %Lz cos(90 — @,+@,) 3.28

e M; Ao UMUNTINTDIMDUaNEINUU tay M, AD UUinTInvesviouansdIuany

¥
P

Fodumlumugisan Q, agld el
M M,
Q:; = 7L1cos(cp3) + L cos(90 — @,+¢,) 3.28

i1 Q, inNnIATRINBEANIYUA Faanngvusuniinisidudedluamumiiiundy

finvun ilinsiedeunldaunailenianazaulumuni

Sorves Q, vairfifinsUAsunlasmunisindeuiivesiusud Jsasnsaruaam
a0 Uz SN BEUTIENRLILNY y (MMUsEnaY 3.3) TngAuinegndudnansiueus
Fregad1eds 3 90 (WuuzUanuwiden) Aosi uassiuvinvisaastne sndiiisaesdnglaid
nawndeulin luaougBu viedwihAnfuitu negnaudnansjusus (PH,) agseminanans
laifinsiasuutas lunsdliafiuedeulmazviiliiAnssezmnugwosigh (Hy) uazqn

AudnansjusuiUasuLUAs Ay ANgIINNuYesEWN Hy I

H; = Licos(@,) + L,sin(90 + @4 — @;) 3.29
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3.4 N1529NLUUTATIASNS
lassasrennslsvenjusuddmsudaiuldgnesnuuud miugafnauinavesdiuen
P9@09919 Winlingnansaluldwarnsetuindnnuel tngeanwuuliaIu1saususEauAINY

Y1IVDIVIDUV LAVIADIAIUAD AUVITLNINALTNNDIVDLYN LAZVIEIUANT TLNINVDLUNDITD

win IagaiunsaususseglaiiesesSuanugevesgaiuld Nlidiuassyning 160 83 180

wuRwes ielimngauiuanugesanld dejauldsedidminldifiu 80 Alandu i

YSuragussuuaumasiflivunlvaifavaiunsalsessudmidnlvunndule davinlidmin
P v a

Yosynaziuminiinduduiu n1sesnuuulassasne szudaeeniu 2 diufie dauvedas

Vusuduazaafiouln lng 1AsausudazgnosnwuuiaAncAITE UUAIUANANDINALAL YN

[y

PENFIURUANDT wazdunndoulmazdafnediugavyu Nvan 4 9a (@vlnnuazdal

9 9

M9a09919) lneiifdirdwemasnsenansivasiiduaasiduldnnas (Absolute Encoder)

Jusewesmnismyuvesganyu lnedagiuhunldnuviunainnaiafnuin ABS Fugusae

'
= a L%

WA3DIRUWANER (3D printer) saufutanuuuagduy (Aluminum) Befinaantfudaussay

q

o v o w

wiiniun Taefidhmdnssdszana 25 Alansu (assadimiena gafuiids gnaiunuaues

na) Tuddldoonuuulifiuiusoasi ilesesiuthminuesfmulduasiioniuaoniovos

Fout1 Fadugansuteinsesnuuuiyuan lhiy 15 osen THdadeliinsmusey lny

sUMUUlATIETaYANI Sl TUaNueUs WanaRanImusenay 3.4

O—
i

.
/

®/>

»
N,
”
v "
'

AMUTENBY 3.4 NTBONKUUYALATINTILTUBNYULUAYILLFUATIVIBUATY
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Y

lngdIuUsEnouvegalasaiemTIlsueueud  @1unsaesutesgasdenlanad a1

MUBRINAMUARIFUTAY

1%
Y

1. @UTUNDSNLEUNART NVSUTDIS UKL LNNSAIUld warTassunsannsnaunsal

1

AIUANEFNDING

2. dwduneinasing dmiusesiurnmyuvesaslnniarnsuiussusuonLeIvion

anl

3. duduneinauy) dmTuTesuIAnyUYeIleli ke NTUTUTEEEYRIAINETIVDIY
GRIWARR

drudunainvidiuaawazin dmsunssessulinvesaiuld

'
Y o v o A

YaRuiaItuAdeY dmsusuiadwesganyuliaansamdeulm

9

o w ] Y o

Yanarigs dmsudasmamadunistumdeuiveliusedniigeiu

9

N R

gunsainTadudmiunnatunsasuulaseansvsuiio s uiame il
mMaAsuuuag

yalassslsuensjusudtiedu sonuuuligfinisaimeusns amsaauldmenuiosuas
Hglumsiiiu mniiigayidee fezdnladiunilwemeuarsanmnsahluldonuldigudy

Inedasondagunsaiiadu wu vidlen Judu iieliyalassnslsueniusudtioiuaiuse

L Actuator Module

Weight 18 kg

dnnnle

J L7 ; Descriptions Material MethOdf of
* l 29 | Production
‘E" ' - ‘ 9 Waist Support PC 3D Printing
? - 3 = ’ Back Support PC 3D Printing
= ‘ l : Hip Link CNC Milling
ol 5 1 Thigh Link CNC Milling
= \ N (”9 n Shin Link Upper CNC Milling
? w, ’ 6 . = ! Shin Link Lower 3D Printing
= ( b ; , . | l :5 Ankle Support 3D Printing
-lil . == N Foot Bed 3D Printing

N |

L
-

AMNUIENDU 3.5 TILUNTAAYANITILTUBVUEUAYILRUATIVIBUES
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3.5 N1599NUUUTLUUAIVAN

JEUUAIUANANTUYALATINTNTUBMVUEUATIBAY  @nunsakenrilgUssaiana
Hu 2 dau feilfio mieUszanandn (Master controller) wagmireUszaanages (Slave
controller) Fsanusautsoonidunheuszananandnd oy 1 mise vhmihiussuanay
parnvesgULUUNSIALLAE M SARENTEUeN LayvthoUszanamatesdual 4 e ¥
wihfaruaumesluldazdau fe aglnn 2 e dow 2 nie Tasamainnisasundas
QN@QﬂWﬁLﬁWﬁu

MyvhnuessEUUAmIUAN Mivszananavdn imihfidamumisnisiedeuiives
vieuamugULUUNNSIAY (Data pattern generation) ¢38@uN1s Invert kinematic 11
Fumisnsiedeufivesarinn dowin wardsiiuwniwodazdnluinnuaugesluud
azdu edUszananates azmUANLUULENA U ENITMUANTWiLULTA (Feedback
control) Fsazasvanundeniu uazUsvanana Direct kinematic iloUszananansiany
HARI9YBIALNLA (Actual positon = reference position — current position ) IneA1599U
spyeiUsTInanandnuasfUsznaNatey  Humsdeansdeyauuy RS485 Yesdedns
WUU Haft-duplex wda fhuszananavdnazduaansiiudes (Fall detection) ves

ATIRABUANTULVBIYANITLTUDNYUUAYILLAUY UARIRINIMUTENBY 3.6

Fall detection |«

Data Pattern . .
) —DO—» Invert Kinematic Controller | —»{ Robot Platform [ |
Generation +

Direct Kinematic

AMNUTENBU 3.6 TLUUAIUANMENNISIATOUNYANITILTUBNYULUAYIBLAUATIVIOUES

vdnmsmuRuesyalsUenjusudtIBiRuRs Sumdngldny  dntunaues
s TasaesumdddanssnglémiluanugivhnuasssvgarhaudeUdestuna
TnemheyUszananandn axasvaeuanuzvesuna ietunaizunsinny ssuulszinana
wangyimiUsTitaNa ULUUMTIAY. wazdseaianaguemvemsiniululdagdIuves

avlnn o uavdawin Mo tngazdadeyaueanneg lWdmileussananadessaly
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lnufUszaianagassardiuaz SutoyaveyuasrnialumunuyuesmvewiavaIy 39
Tigunsaldsmdnineu  Asiugalasannsilsuenjuesudanunsanfoulmlamuguuuunis

= dl o v
WUNAUA L

FuAndaantluna

szananagluuunsiAu

v

T NIANANNDIA

v

AL ANA NN BIA

v

1lsvanananisTaiu@e

AMNUIENDU 3.7 FAINUNITYINNUTBITEUUAIUANUEUA

duvesmheUszinanandn sgvihmihiuszanananshauwessUuuunsiiu smudeyails
duiin Tasgunuunmsifuasgnifivdoya  Taegalasemslsvenususifndeiugldoui
SamegUnily ilesudeyanisiulusuuuumsiidiulnd Ssszuuauesnanisilsuen
VUgUAIEBUTDYAYLDIA1AN YasviBuAwazaIsatuiindayals wu sUkuunIsATLRY
nsqnils 3By nistuastiula Wudu Taedeyafildasinlutssnanalusuuuiladdu sl
mheuszananavandldeenuuudmiuileitutiosiunsliudesimdis iletestunséud
ovAntuluruzedeuln ludrnaniisaldyelnsmnalsuenmiusuditieihu
duremnheUsvananagosazvimihfimuaunsmesnfiiinaudsuntas el
Julumuguuuunisiiu Inefuszaianagesusazainaglssananan1svinaukasAIuALy
psrnfilasuainduszananandn FsazmunumsvinuvesgUnsaldaidalivinny woudu
AyIRAeUMIMNLYSoNNDIen  mufidmua  TnevingUsznanades  gnesnuuuldusyuy

AANLUUTAvIImTAInIUANYLeIAT Tngayuedn1819BRstuTe Ui uiuyLeamitin
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1o dhanauiuiemedanain (Error) MinARANAIANINATIIEUE TPUUIINNITUTENIANE
soluiialiimanaindnlinaaud lnsagliiAnanuianaintesgn Mvualy Alana1n =

ANSUAY — ANNTIALA LEARIAININUSENDU 3.8 hag 3.9 ANUdIAU

Microcontroller

4>[ PID | Process J--]—.[Amplify ]+[Dc motor
!\
........................ | EnCUdEr i‘

Slave Controller Robot Platform

AMNUTEABU 3.8 NANANSYINIUVINUILUTEUIaNAL DY

UENIANANNDIAN

v

1srunanasrUUdan1aY

v

dszananayuasAlasuLa

AMNUTENDU 3.9 HIUNTINNUIDINUIEUSEUIANAEDEY

o w

3.6 aUnIalTULARBUANMIEN
gngunsalaunasdedindudiudrdglunistuimdeunalnsiee Tiaunsainaule
' a a a ¥ v o ° e v Ao A v
agiiuszansamuagldaulimingandugdiuunisinunienantdau Inglusnuideila
pankUUME LN I0TULAABUMIENAINUINHINTEWEN T AITUIIUITLUVAINDIVRALDLNDS
n3gUanse (DC motor) Wl ustilasnnivanuaieguuuunisldau geriadadmen
voauldiveliynsuindeanunsadsidalamunganiuiminvesldnu danisdmamm
4 o ¢ <& v 5 o | | \ a & ¢ & &
Umtinuesinywd lnenilduainiminuesdiudisquessianigasanluasidudves

Wntinlag5IMYeIsIeNIe Inefegansauininnineveswyd inin 75 Alansy

75 kgx9.6

AU UINRUNVDIVITIINRUA = = 7.2 Alansu
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75 kgx4.5

ANUIUUNNUNVDINTNWTG = = 3.3 Alansy

75 kgx1.4

ANUIUUNNUNYDNN = = 1.05 Alansy

FUINVTNYOI LU = 7.2 — 3.3 — 1.05 = 2.85 Alandal

fatudlensuishuinvestouddluudasdiuianusnooniuussuudshddlidusada
(Torque) anansadu indeunalnlunsazaruitesniminuesuluusasduls
Tnsyrgunsaimuaunsindeuiivindsidaviauemeinszuanss Wugunsaindnly
nsfuindounardsids addsundsulilinnszuansdidundsnunanuumusouuny
Tneyndsrndssznaudeiuemesuasyaieimadeinds dlufedsluszuudsdaesyn

1A5INFTUDNYUBUATILAUY LanianIndsenay 3.10

AMNUIENBY 3.10 YRS WDNDINTLUANT

NIAIUIUNUSZANS NNVRINBMASIAYS A5 50 SaU/UNT SIRU 24 VDC Anats5eu

50 S9U/UN MIoLMNNU 0.833 5UAU

o w

9N aunswsadn = Ads/ annudaudayy

= 1 = ST[
AMILEUTIYY, @ = 21 X ANUEITOURDUIT = Y rad/sec

[

a ° a 480 =
bIIUA = NN / mmﬁama{m = =7 =91.67 N.m %39 9.167 kg.m

v 3 1 1
LY (J a L4 o Y 1% 1J
PRUU ANTATUIULINUAVDIUBDLRBDINIC LA I awmiauﬂﬂﬁﬂuswwumﬁauﬂalﬂlm Wallu

gasuidslunisindeulmvewioudns lnglagneenwuulifnasludiuvesaslnnuaz o



36
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sepnalulasmaulnsalaasieiy

n
.
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AmUsEnav 3.11 2aslulasreulnsamesssuunIuANaNeINg

Awdsznavu 3.11 Wwnwsvesduimuszsinanamelulasaoulnsaaes ATMEGA2560-16AU
WUU 8-bit Microcontroller finulgmnudn 256 Alalus (Koyte) iviulganudiiuy EEPROM
31U 4 Kbyte wagniigaudn1eluwuu SRAM 31w 8 Kbyte lagsessudunnuas
AR 86 Um, dynnaind1ad (PWM) se93uU 12 On ﬁqé’qmﬁamumuwmm (Serial
communication) §1W3U 4 Y0 waztesFudmyaaewden (ADC) $1uu 16 Fosdyaia tay
wsasulninilden 5 voc Tnglulasneulnsaaesasiinisdedyaasiieg di FUBuUNRAN
JullsiviAné S1uam 2 G Ao PD7, PG2 dwsuliadansvineuvessyuy Sunaaingunsal
Wuwesnsraiayy 91w 2 Jn fe PAO, PAL dwsunisenudoyanuliundeduasAinuns
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Aodns RSA85 1uau 2 On Aw TXDO, RXD1 ﬁm%’umsﬁami%ga
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r UM >

DL @ FuE

VGE2
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AMUTENDU 3.12 WITTULARDUNBLADINTEUERNT

INANYTENBU 3.12 WATTULATOUNDMDINTBUANTI A1U1T0TRITULTIFUBUNR 12
VDC fi¢ 24 VDC Wousauwnasdnglnainuumaes 11u19v1 +VM 119191 EXT GND Lite
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Tnevi 3 Fyanaiiazdadyaiasin IC PC817 (Opto isolator) uadntaidnnsednd
Dndansviausiowas deldlunsviauvesedunsaduiiunndeiy seninsseduusadu
MfuLssfugs wazdeafunisinadounduvesnszua Whgudyaavedilasneulnsaiaos
Tae PC817 anidusasdaaalliiu Power MOFET IRF9540 uag IRF9540N Fsaanuuuidu
2995 H-BRIDGE LUy P&N channel vhuihiduiadeuneimesliinaunislénisauausieg

lulasmoulnsaans

3.9 N99ANUUUHINFINUYaIlUTUNTY

N1598NBUURINITYIUYBAlATINITIlsUanusudtieuY daudrdglunis
yauresszuvaNedna teszuvatenaaiunsavinaulfededusyans duvuununis
viaunadanisieu iaeandestugunsniineg waznalnnisitauveslassadeils
sonuuull

vannsviwesfinisiau lneiFudunsiauazeiuanuzvesyalasanng
Tsvevsusudthediug onsaaaeuqanyuvesdiuasinnuasdeivisansdng Wvsuiinis
Busunslinuresdaldiogiuanugla ausoanildldfuvuduazuuuiu lnevhnis
nvaeuIngUnsaiduiees nyuiiindslugnuyuvaseudns Wonsuisanuzvosyn
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nyvaeunsdanseglufoulalamy nstu nmsiiu msts malifinnsnady Wsunsuazds
nslimgansdsnsatioungnren warlusunsuazdanulinduavhaudnedutiesinsne
U vdsnildidenilaidunsvinuudlusunsnsddiissuumuaudanuneimesluudas
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TAS9IE519N19Na AASISHRALAZNANISNAFDU

4.1 YalaseadenslsuamjuguddleLau
nseenuuuyalassai e slsuensiusudtioiiu faaldesdosegludnuueyinls
Wleannsndnfndenuies Tnesdsmsinnsdoyslasiainenslsuenusuddiediug azfo
Fonslegludnuugvimianists mndulifamuldnfeuteiiedunininadesiswes
w3aufioanld mﬂﬁ'?uﬁwmi%’mmﬂ%’mmﬂ TneBuansnanesnitowiraacing antudn
anefanihuds Saanesadein Saanedaduan Saanefanimies uasiaanedaninen Tiuuy
wagnszdupuddiu Welisunedioudaedeulmmdeuiuyalasiaranalsven
usustedulurngyheu mndunaduanliivhddueiesnsyhnsenaisiouddiby
u uagldldvnadulunisuszaesi WeldliAnnisdundoidssoululundlanimis
wansfanmUsznou 4.1 lnegaldesamniandiiada iosaniasnieasdudaty
FJudruvesyalassainamnslsuenusudlnenss ioannsidendiiornasshlruiniulduasy
diosanuldnandinszdunaziany Tasmsfiagldlivhdduiosnnduagldineduians
yssafuszezinaun Safeaiudunsldlivhimsusaslumandeuln sdnisaldie
pupsaztfunisaisanuduiaglunisldiuazannsndismienwedls siludiuvesga

nyudawinlaladunldnulussuu lnegadnliinisindeulmludidawin

Stand Up/Down Step Walk
Prepare & Install

uansfanInUseneau 4.1 Juseunisldnuueuddwiudaiuld
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semsilsuenesnuuulildaiuiuaufinissunaaiaieuans filiannsandevlmaisvion
dedinduanugdliiiiu 180 wufans dwiinliiiu 90 Alanty uasivieuvuilindeulmld
Und ilosandeddliivhaduiglunisszaemues luvazyalassairamslsvomianu
wuusalusAuazAssmludd tnelassairmdnusznoumenarainianviin ABS Yanvin
Nylon Janfia Polycarbonate wazegiiilen Fsludmvasyanalniuindoundnagyinmain
Yan Steel iflosnndosnsmunduaziuussdofigs nunusonsléou laeyndunuazgn
ponuuUTLNY Melusunsuneufiamed a1udid uasnisadadunuanlssugaamns
iauﬁa%uQWuﬁ%U%auazﬁugﬂaﬂﬂLﬂ%ﬁﬁmﬁa’mﬁa WARINININUTENBU 4.2 UaznnUsenay

4.3 ANTIRDINTUENTUAIUTZTUUTULARBUN NG

aesaninen

RAEH ARV

A85AAUYT

aesatann

A185ANULTI

@185AvaL

No. Descriptions Material

1 Gear Steel

2 Bushing Support Steel

3 Link Support Nylon

Aluminum +

4 Mechanism Steel

Plate Housing

Sensor e

6 Cover ABS

Weight 3.5kg

MUseneu 4.3 FudiusyuvdiiaaasmnslsuenugudiieLiy
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4.2 A1598NLUUIASIES1MASIUEIUNING

TngnsooniuuTudmnisnauazudiningg vasmslsvenvusuddisiu fe
TUUNTUABNTIIADINIIAIWIAINTTUANIENE ARelUswNTU Solidworks hazhuuTIaes
naAans uwsIna usai vestaniildaudieilsifunaaoy Finite-element vosdudanilld
poNLUY Lilednmeinisinfudonisunantin vestunuidlefiussannsesih Suilinauds
fodianislénurestunuluusestu andofisnarniionnazdelviAneudemeld Tngvan
fdfanauifidsrtuiutagizthunasdunu fuananindsznou 4.4 89 mmdseney

4.8

ANUIENBY 4.4 LUUTIRBINAADURIINTEYITUdINTOWIN Tanlnaasuauun

6 kgf

L6580+ 0
1045¢¢ 004
2745+ 006
243604 006
2132e+ 006

L 1027er 006
L L52Yestnd
12196+ 006

F.143e0 085

6096es 085
3051 005
67680 002

» Veld strength: £.800a4 007

AMUsENY 4.5 WuudnaemadeULSINTEYAUd g INeTn Jaglndrsusuium
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AMUIENOU 4.7 Wuudnasamaaaulsenseyituadndnyaiesvands Janluaeu
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AMUTENBY 4.8 WUUTRDMAADULITINTEYITUAILWAUTO TN Tanianlndasusuum
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nsasaTunuIndanluaeunAIesinsenamMnssuTOUT wasdudiuiagindasuouiun

WARIRINMUTENBY 4.9 Uavianediea felAsasiiuiauiln wansisnindsenau 4.10

AMMUTENDU 4.10 FUNUALLUUMELATBA 3D printer Tanlndasuauwum
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dmsududtaiuazd i afagudiuandanlndasueuunlddmsulagaiuldinah

v
U a ! v o I

aulu rBaRndududiumeassasuuiudnundmsudewin waziinsduianBangu

[
=

a a i . & @ v 4" a aa
LANDUYINTITUVIN LIPNIN Thermoptastlc Elastomer [UUIERATUTUAIULATOINUNE LA

9 Y

LARIRININUSEABU 4.11

AMMUTENDU 4.11 FUNUAULUUMIELAS09auTR Tandu Thermoplastic Elastomer 1u
) p

[ I =Y

andanguivilousasIIUIR

9

Tauniseaniuududiunalniidifey Aoszuunalnduindouidesn1sussdanazn1snanias
91nANLEITUTEWBLART NI LanTe dunalnuievalies wuugisiuda (Harmonic
Drive) lnggaiiesoaniuudniinaseu 100:1 w1 nuawmasiIwies Bevel Gear dn31va

50U 60:1 Januaiesvimnanudnyawds nanusensidnuidguwazonmgiigs 9103

[ a

uurdudaanasesinsgnamnssudidud Janeglilouuasindn dmsussuudiiides

Y

(%
a o o

JEUUTULAGRUVEN kansienInUsenau 4.12 wazynifesimamawadiuyaueinastunioy

AN AINNUSTNOUN 4.13

AMUIENOU 4.12 FudIUNNalNUBITsUUAINa o IuEUATIELAY
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ANUIENBY 4.13 YANUTNAMGIRAAITINAULONBTTEULTULAT UYL LAY IELAL

AMUsENaU 4.15 Usenautiudiudnnesnsassumstaiaiusianieuyud o an1dudsuss
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a

ndnannsUseneutudiudigg YOIULUALESIAY Ifvhnshasnasdidnnsednddmsu
anosnailih wsiuiadeunemesndeufntisruudidnusefindridauazunasinendnuy
dmiuszUUAIUANNITTUTeINBLNDS dumisganyuesasinn doun easstne lng
naaouMsAdeuiifelusunsuneNfinmes uaznsindeulnuuuendiu fanwusznou

4.16

A mUsENev 4.16 nadeuasBidnnselinddmiuaiuaunisinnuresaduindeu

4.3 WsunsuInaenIsiagauiiueun

£
av A

Uil lasuanusiuiieduan Tudsussiiion1siuylaussan mnnenIsunng

a

wisnd luswidenasnsseviiainisinanu nelalid1usnuainiiuwnme giaeaggnie

gunsal fisnuvesanttius Alkanudfyiunsesnuuuiiionudasnsedugdald uasli
Wnuszlevdsogldanu lnendiann1susenauwasnago Uz UUAIUANNTIINUTDI U UA
Wieliidulumunszuiunisuazndnns wdeulmaimeudisiignies wazifisuidssiuay
Unfunnitga dlsiimslsvenmjusudtisiiusisiouans vnnsmageunisindeud nely
Hornzinsindeulmuuuauilif (3D Motion analysis laboratory) o a@gntudsussiiie
nsttusanssanINInIsLIMSLisnd Tnedfideavialvinisatuayuuasiuunng 1
AMuuziuazdedann nmuszney 4.17 uaz maneaeunsldaluauuniongidesvay
negUnanl nmUsznay 4.18 uaznwlsznay 4.19 sailiievluuiuusudly Wgndesuay

wingauiugldnusely
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AMNUsENDU 4.19 kuuTnaedasaasiennslsuanueudiieifu
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4.4 STUUAIUANNIT LS UBVIVUEUAYI8LAY

sruuAUANTiloAd S UNIIAIVANALIUIE TS UL B UBaEinnLas UL UBY
yalassaiamnalsuovvusudtieiiu Tngdunn Aoyuesmmiiadeulmdmiuyuesaves
duaglnnuazdiudewnin druodnafonamuniauesminiunszuunssyananase

=

SLUUAUANLUUNLEA Laraun1sauransviana (Kinematics model) lngszuumiunuilled

(%
=]

) [ 1 1 P b4 = a b4 < 3.;
MN15UTULASAT K, K wag Ky iivaliniseaiuauiiiadesain waznovauaslisinigy viall
sruvanansavihaulaegeiiusednsam Yuegiunisuiuusieen K, K wag Ky (Migami:

unit)

Kye(t) T
eref_

N t eoutput
4>@—0—> Ki f e(t)dt Kinematics Model
0

de(t)
¢ dt

ANUIENDU 4.20 SEUUAIUANKUUNLEA

INNNUTENDY 4.20 AMUALA O, ADBUNMVBIFIUNUIYUBIAIVBIVIBUATY R
dunntud11v09aEINN By pottem WAETBLY Biee pattern ﬁ’m%’ugﬂquﬂfwmﬂmﬂ?iaulm
maQﬂWiqﬂﬁq LAZNI3AY AEUINAGNEIINNITAMUIARANAINTTNINBUNALALLEIANALN
Uszananathludssananadmesauauitled Wetundaaluaunisves K, K uag Ky
wazihuaansiile wluldmuiaduaunis kinematics model @unis 4.1 wazaunis 4.2 lag
nadwsinlusundnat aunimadnivesifianaiaseninedunauasiondng asdilng

AUETOAMAN

6 . =Atan2| +.|1-

2
X(Il + |2C9knee) + yIZS'S’kneeJ X(Il + I2C gknee) + ylZs'gknee 4.1

hip x2+y2 , x2+y2
2,32 _12_42) 2 y2_12_42
XS+ys -1 -1 XS+ys -1 -1
O = Atan2 + [1— 1 2 1 2 4.2
knee 211 oL

12 12
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HANSNARBUNTUTUAN K, K Uag Ky Ineinundunnsiuiadneds 92 8 ivune
muauiled T K, = 1, K = 1, Ky = 1

Control Motion Target —Motion

140

120

100

80

60

Position (angle)

40

20

0 1 2 3 4 5 i) 7 8
Time

AMUTENBY 4.21 KAAIHATHSNITAIUANMLMUIAIETEUUAIUANTLER K =1, K=1, Ks=1

Position Error Error

40

20

0
)
Qo

i -20
c
Q

£ 40
Uz
[=]
(=9

-60

-80

-100

0 1 2 3 4 5 6 7 8
Time

AMNUIENDU 4.22 KARIAANSANEANAINVDIAIUNUIIBITZUUAIUALT DG Ko=1, Ki=1, Kg=1
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HANSNARBUNTUTUAN K, K Uag Ky Ineinundunnsiiiadneds 92 8 ivune
PuANiilef Muualv K, = 30, K = 10, Ky = 2

Control Motion Terget —Motion

100

90
80
70
60
50
40

Position (angle)

30
20
10

0 1 2 3 4 5 6 7 8
Time

AMUTENBY 4.23 UAAIHATNENITATUANMIWMUGAIETEUUAIUANTLEA K,=30, K=10, Ks=2

Position Error Error

20

-20

Position (angle)
8

-60

-80

-100

0 1 2 3 4 5 6 7 8
Time

AMUTENBY 4.24 UARIKAGNSARANANFALILIEsTUUAIUANTLER K =30, K=10, Ks=2

NKAFNTN1INAGUUTUAT Ko, K, kag Ky 3dainglatieninnuianainrean1saivgy
FLMUALLD9AT TAETEUUAIUANITYINNITUTEUIANARNNAIYDY K, K waz Ky ndandiltng
Aug ilnszuunsuauestiiaydnsIAIANURaNaIngs ndnsusurnved K, K kag Ky
datuagrilfssuumevauedldsnit egrediuszanammniinisusuaniintu sruvae
Maafesnmuarlineuausslufinaiungvils fufunadwsannismeasuyiilimsuians

Uurvasssuumuauiiled lae K, = 30, K = 10, Ky = 2 ihlUldlussuuniuausiums
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4.5 nswadeuluivaswislsuanvjueudvaeiiu
MnmInaassvinsiivdeyaniaidulaenisinalusunt iies udumisuean
Y AuveInuUnd lasnsFumufuanindu Fuiawhen favhde wasvgavindy
lnsnisiivdeyasziiuainniserueunsaliduiwesiduldnnes inniserudeyanneotig
seifleanne 100 Taduil (msec) lnoizuanmsBunssliuludradh, AMavihanludami,
NuwIwsENEnYngy, AMvnggludnmin mavndenazininun geavinevgavingu
Youad1unui0mvesTURUUATLAY 91UIU 5 SoUNTAIAUBEIRBIRs LARIR

Y Y

AnUsenau 4.25

Knee Right

Knee Left Hip Right

40

20

Degree
¥
16:17:22 )

A gait cycle

AMNUTENBU 4.25 YaUAsIUVLyNaeAINISIANYBUANT NI 5 TOUNTAUGY

Ingnansindoulmvesyusnag vesasinn dorh Aldangunsaliduwesdmsunis

) a a{' v 1 v v = v A 1%
nIvIANTSIAAaUN eIy UaslNn avyudotaztaLinsaudwn tielvlauives
W@unensiadeunvesdelin (Foot trajectory) Lansnaninysznau 4.26 lnanisindouln

YBAUIN ANaran1INTLAY WaeUAuEUN1INISIAGRUNTaIsTUUAITUAY

0

T T T
—&— foot trajectory generated \‘

o1 —— foot trajectory with PID control

H H ! :
02 v + o
03
0.4

05

Z distance (m)

H H 4 | |
08 : 5 L
D[l : e
L] e :"'-—-,vj e - = e

0.9

. i i i i i
-02 -0.1 0 01 02 03 04 05
X distance {m)

AMUTENBU 4.26 JULUUAUMINITIARBUTINTAILAUM T UUAIUAY
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IPgHARNEIINNINAFBUNISIARBUNIIWIU 5 TBUNTINNURAUasInNLaIn
UTDIYY ArauIntUaLATeILIUINSIATEUNUNTATIAY wanwianmUsenay 4.27
v s « A Y ay ~ d' A v a o
HAGNSYDINTIARBUNIvRLIMIEsEUUAIUAN Tl Tnelsunuulunisindeunlndideaiy
lagfunianisinfounagiufsunuainiusuiuun1sn1iiay (Gait pattern) fagn1s

wdoull Swing forward/backward muaIAy

: : : : —&— 1st foot trajectory
1 L Y S i| —&— 2nd foot trajectory ||

: : : : : 3rd foot trajectory
i | —=— 4th foot trajectory

e I A N '| —#*— 5th foot trajectory ||

S s ot et S S S
) MRS NS RPN S SO RS IR SR

() PR NS PSR SES PR SRS SO S

Z distance {m)

S,

-0.2 -0.1 0 01 0.2 0.3 04 0.5
X distance (m)

ANUTENBU 4.27 FILAULEUNIINITIAFDUTNVINITNI AU UAIUTD YN

AgnaansnIsvnaedtl lndilimeunslun1susegaivinisseauuunii Wdeunaiy
“Design and Development of Low-Cost Assistive Device for Lower Limb Exoskeleton
Robot,” The 10 International Conference on Human System Interactions, July 17-29,

2017, Ulsan, Korea, 16-21.

4.6 SUUNTIITANTIUNBEY

dmiumsasiadanisldudes luvaeddiuldinbumenislsvenugudtlsiau
lngsguumIuANIgyImMT AWML aINanuen1sM AU Iagldnsawialuwudnig

dll A ! ! o ¢ ! ¢ a o % «

WwasuivewAazdIulazAwInIAaudnatusuadsuLlas dunsunisiedeulm
sULUUMSAUANFULUY Gait cycle teligalassasianslsvenugudtieiius 111
wasulmmugUuulanmuabikavissuunsiaianisiiudes iedesiunisauluaumin
WAZAUYVEUEUATINIL IneszuuauaNavtinteyadn@ugesinUseaiana Letinig

\AaRUNRNYN IRl UL AL dIUYRA VY UNLARTY
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MENTAUINLULUAYUAIAAUGNA AINAUNTT 4.3 Uavaunis 4.4 Amualvdivin
M1 Tawiniu 12.20 Alansy wag M2 3avinndu 9.43 Alansy AMuualinIue1399991v19U
YU L1 AANYINAU 30 WURLUAT baTANNLNIVDIVIVIOUAT L2 TANYINAU 33 LGURLUAT
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8HaN15NAa99d U lUMNELNSIUUNANUABINITIEAUUIUIYIH TITaUNANL
“Implementation of Fall Detection for WAR-Exoskeleton Robot,” International Journal

of Mechanical Engineering and Robotics Research, Vol.9, No.2, February 2020, 287-292.
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99FAY Maximum point of position error (Degree)

NaNae ﬂﬁi@ﬂﬁq A1IAIAU ALY

(Degree) gy | e | veugie | e | weugie | ey
azlnn (Hip) 5.0 7.1 8.2 9.0 9.2 10.4
191 (Knee) 9.2 6.2 121 14.2 15.3 17.1

Nan1sNAFOUNSIAGRUTIvBINfaliudeLlesduau 5 au TagArAnuRianaTn
sheszuumunuiiled dawazlnn nsgnilaadewiniu 4 esm msfafuedsviiiy 5 esm
LagMAuRAiAy 5 asm dudeitn msgntiuadeintu 4 esm mMsfufuedswiity
6 9471 WA TLAURABYINAY 7 831 TngAANAanaIave s uvtsLesA ludILYDs
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Experimental

Average of joints motion error (Degree)

Result o v - -
n3aNIa NN N9LAU
Joint angle
motion VI | U | eeudie | wenugie | euen | eieugie
azlwn (Hip) 3.8 4.3 4.5 5.3 4.4 6.1
U819 (Knee) 4.2 3.5 5.8 6.1 6.3 7.2

NANISNAABINITATIVIANITILULD IR UNTBALAIUTIE Ien15AAULUT19TN

d‘ IS 4 v 14 ! 1 (3 d‘ v a d‘ ! (Y a 0 |
Lu@x'i’”'\]']ﬂllﬂ’]iIu@JG]'J‘UENI’QJJﬁ’JMELﬂ V’]'WI?JL&IUG]LQ&EJ?’I’]’JLﬂu%ﬁﬂfﬂ@LﬂﬁﬂL‘Wﬁﬂ‘U 144.72 UINURD

WUALIAT wazALUANTLAUAEARALWINGU 77.46 TafusialwuRiuns lnen15nsiainnig

Tudganudne nAuiagudnasiilasuulasvasinfounlutenin desses

d‘ 3 ] [ dgl’ a A A ! LY
nan1sdsukUasanaaudnaraiisuiuiuiy lneszegnisivisuilasafsagaminfiy

32.69 lwuAns wazn1siudsuuladademgayiniy 30.02 luURes IngNan1sMAaeanIs

YMUVDINITATIVIANSLUULD LULANIRINTTIN 4.3

A5 4.3 ANERLaYANEIERYR AN IAILALLAE AL ILIAAUENA1

Experiments Total Moment value (N.cm) Y Coordinate of Centroid (cm)
Swing Forward Swing Forward Maximum Minimum
No. trials
(Max.) (Min.) value value
1 119.92 88.34 32.47 30.01
2 126.18 85.07 32.70 30.01
3 134.52 81.97 32.49 30.01
a4 155.05 82.86 32.30 30.00
5 187.93 49.07 33.49 30.08
Average 144.72 77.46 32.69 30.02

TAYANANURANAIANLAATY LHAIINTTUUNINNG LU STUUBINANIAY Nabnn1s¥ineu nng
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#include <arduino.h>

#include "SIM900.h"

#include <SoftwareSerial.h>
#include "sms.h"

SMSGSM sms;

#define SELECT PIN 30

#define CLOCK PIN 31

// Hip Left

#define HL_DATA PIN 32

// Hip Right

#define HR_DATA PIN 33

// Knee Left

#define KL_DATA PIN 34

// Knee Right

#define KR_DATA PIN 35

const byte SW1 = 36;

const byte SW2 = 37,

//Define Variables Motor // Hip Left
const byte HLD1 = 30 ; //22

const byte HLD2 = 33; //23

const byte HLEN1 = 5; // 2
//Define Variables Motor // Hip Right
const byte HRD1 = 22; //24

const byte HRD2 = 27; //25

const byte HREN1 = 6; //3

//Define Variables Motor // Knee Left
const byte KLD1 = 33; //26

const byte KLD2 = 30; //27

const byte KLEN1 = 6; //4
//Define Variables Motor // Knee Right
const byte KRD1 = 25; //28

const byte KRD2 = 26; //29

const byte KREN1 = 3; //5

//variables to keep track of position
volatile unsigned int
Datal2](2](2][2][2][2][2](2][2](2];
volatile int Angle[1024];

volatile int HL_Degree[360];

volatile int HR Degree[360];

volatile int KL Degree[360];

volatile int KR_Degree[360];

volatile int HL_Reading = 0;

volatile int HR Reading = 0;

volatile int KL_Reading = 0;

volatile int KR_Reading = 0;

volatile unsigned char HL_ PWM = 255;
volatile unsigned char HR_PWM = 255;
volatile unsigned char KL PWM = 255;
volatile unsigned char KR_PWM = 255;
volatile int HL_WalkL[10] = {20,20,0};
volatile int HL_WalkR[10] = {-20,-20,0};
volatile int HL Stand = 0;

volatile int HL_Sit = 90;

volatile int HR_WalkL[10] = {-20,-20,0};
volatile int HR_WalkR[10] = {20,20,0};
volatile int HR Stand = 0;

volatile int HR_Sit = 90;

volatile int KL_WalkL[10] = {-30,0,0};
volatile int KL_WalkR[10] = {0,0,0};
volatile int KL _Stand = 0;

volatile int KL_Sit = -90;

volatile int KR_WalkL[10] = {0,0,0};
volatile int KR_WalkR[10] = {-30,0,0};
volatile int KR_Stand = 0;

volatile int KR_Sit = -90;

volatile char Start = 0;
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volatile byte Pace = 0;

volatile byte g¢o = 0;

volatile int speedl = 0;
volatile int speed2 = 0,
volatile byte st = 1;

volatile byte hl = 0;

volatile byte hr = 0;

volatile byte kl = 0;

volatile byte kr = 0;

void setup()

{

Serial.begin(9600);
pinMode(SW1, INPUT);
pinMode(SW2, INPUT);
pinMode(HLD1, OUTPUT);
pinMode(HLD2, OUTPUT);
pinMode(HLEN1, OUTPUT);
pinMode(HRD1, OUTPUT);
pinMode(HRD2, OUTPUT);
pinMode(HREN1, OUTPUT);
pinMode(KLD1, OUTPUT);
pinMode(KLD2, OUTPUT);
pinMode(KLEN1, OUTPUT);
pinMode(KRD1, OUTPUT);
pinMode(KRD2, OUTPUT);
pinMode(KREN1, OUTPUT);
//setup our pins
pinMode(CLOCK_PIN, OUTPUT);
pinMode(SELECT PIN, OUTPUT);
pinMode(HL_DATA_PIN, INPUT);
pinMode(HR_DATA _PIN, INPUT);
pinMode(KL_DATA PIN, INPUT);
pinMode(KR _DATA PIN, INPUT);

cliQ); // stop interrupts

TCCR1A = 0; // set entire TCCR1A register

to 0
TCCR1B = 0; // same for TCCR1B

TCNT1 = 0; //initialize counter value to 0

// set compare match register for 1hz

increments

OCRI1A = 1562; // = ((16*10/6)*(100*10A-

3)/1024)-1 (must be <65536)

// turn on CTC mode

TCCR1B |= (1 << WGM12);

// Set CS12 and CS10 bits for 1024
prescaler

TCCR1B |= (1 << CS12) | (1 << CS10);
// enable timer compare interrupt
TIMSK1 |= (1 << OCIE1A);

sei();

//give some default values
digitalWrite(CLOCK_PIN, HIGH);
digitalWrite(SELECT PIN, HIGH);
digitalWrite(SW1, HIGH);
digitalWrite(SW2, HIGH);

intk =0;

for(inta = 0; a < 2; a++)

for(int b = 0; b < 2; b++)

for(int c = 0; c < 2; c++)

for(intd = 0; d < 2; d++)

foriinte = 0; e < 2; e++4)

for(int f = 0; f < 2; f++4)

for(int ¢ = 0; ¢ < 2; g++)

for(int h = 0; h < 2; h++)
for(inti=0;i< 2;i++)

for(intj = 0; j < 2; j++)



for(inti = 0; 1< 1024; i++)
Angle[i] = (i / 1024.0) * 360.0;
for(inti = 0; i < 360; i++)

{

/7 if((i <= 86)&&(i >= 0))

if((il <= 80)&&(i >= 0))

HL Degreel[i] =i - 80; //86
//else if((i <= 266)&&(i >= 87))
else if((i <= 255)&&(i >= 82))
HL Degreel[i] =i - 80; //86
//else if((i <= 359)&&(i >= 267))
else if((i <= 340)&&(I >= 255))
HL Degreel[i] =i - 435; //446

}

for(inti = 0; i < 360; i++)

{

//if((i <= 121)&&(1 >= 0))

if((i <= 110)&&(i >= 0))

HR Degreeli] = 110 - i; //121
//else if((i <= 300)&&(I >= 122))
else if((i <= 280)&&(i >= 113))
HR Degreeli] = 117 -i; //121
//else if((i <= 359)&&(i >= 301))
else if((i <= 340)&&(I >= 295))
HR_Degreeli] = 475 - i; //481

}

for(int i = 0; i < 360; i++)

{

//if((i <= 79)&&(i >= 0))
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if((il <= 70)&&(i >= 0))

KL Degreeli] = i- 70; //79

//else if((i <= 259)8&(i >= 80))

else if((i <= 255)&&(i >= 75))

KL Degreeli] =i-75;//79

//else if((i <= 359)&&(i >= 260))

else if((i <= 350)&&(i >= 255))

KL Degreeli] =i - 428; //439

}

for(inti = 0; i < 360; i++)

{

/(i <= 79)&&(1 >= 0))

if((il <= 82)&&(i >= 0))

KR Degreelil = 82 -1i; // 79

//else if((i <= 258)&&(i >= 80))

else if((i <= 246)&&(I >= 75))

KR Degreelil = 82 -1i; // 79

//else if((i <= 359)&&(I >= 259))

else if((i <= 355)&&(I >= 247))
KR_Degreeli] = 425 -i; //439

}

Serial.printin("CLEARDATA");
Serial.printn("LABEL, Time,Hip Left,Knee
Left,Hip Right,Knee Right");
delay(1000);

}

ISR(TIMER1_COMPA _vect)//timerl interrupt
1Hz toggles pin 13 (LED)

{

//generates pulse wave of frequency
1Hz/2 = 0.5kHz (takes two cycles for full
wave- toggle high then toggle low)

readPosition();



PrintDegree();

}

void loop()

{

if((digitalRead(SW1) ==
LOW)&&(dligitalRead(SW2) == LOW))
{

sms.SendSMS("0859232650", "Emergency");
while((digitalRead(SW1) ==
LOW)||(digitalRead(SW2) == LOW));
}

else if((digitalRead(SW1) ==
LOW)&&(digitalRead(SW2) == HIGH))
{

if(st == 1)

{

if(Pace == 0)

{

for(inti=0;i < 3; i++)

{

if((HL_Degree[Angle[HL Reading]] <
HL_ WalkL[i])&&

(HL Degree[Angle[HL Reading]] > -20))
{

HL_CW(HL_PWM);

}

else if(HL_Degree[Angle[HL Reading]] <
120)&&

(HL Degree[Angle[HL Reading]] >
HL WalkL[i])

{

HL_CCW(HL_PWM);

}
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else

{

HL_STOP();

ht = 1;

}

if((HR_Degree[Angle[HR Reading]] <
HR WalkL[i])&&

(HR Degree[Angle[HR Reading]] > -20))
{

HR_CCW(HR_PWM);

}

else if((HR_Degree[Angle[HR Reading]] <
120)&&

(HR_Degree[Angle[HR Reading]] >

HR WalkL[])

{

HR_CW(HR PWM);

}

else

{

HR_STOP();

hr = 1;

}

if(KL_Degree[Angle[KL Reading]] <

KL WalkL[i])&&

(KL _Degree[Angle[KL Reading]] > -90))
{

KL_CWI(KL_PWM);

}

else if(KL_Degree[Angle[KL Reading]] <
0)&&

(KL Degree[Angle[KL Reading]] >

KL WalkL[i]))



{

KL CCWI(KL_PWM);

}

else

{

KL_STOPY);

kl = 1;

}

if(KR_Degree[Angle[KR Reading]] <
KR WalkL[i)&&
(KR_Degree[Angle[KR_Reading]] > -90))
{

KR_CCW(KR_PWM);

}

else if((KR_Degree[Angle[KR Reading]] <
0)&&

(KR_Degree[Angle[KR Reading]] >
KR WalkL[i]))

{

KR_CWI(KR_PWM);

}

else

{

KR_STOP();

kr = 1;

}

while(1)

{

if(HL WalkL[i] ==

HL Degree[Angle[HL Readingl]])

{

HL_STOP();

hl = 1;

}

if(HR WalkL[i] ==

HR Degree[Angle[HR Reading]])
{

HR_STOP();

hr = 1;

}

if(KL_WalkL[] ==

KL Degree[Angle[KL Reading]])
{

KL_STOP();

kl = 1;

}

if(KR_WalkL[i] ==

KR Degree[Angle[KR Reading]])
{

KR_STOP();

break;

Pace = 1;

else
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{

for(inti = 0;i < 3; i++)

{

if((HL Degree[Angle[HL Reading]] <
HL_ WalkL[i)&&

(HL Degreel[Angle[HL Reading]] > -20))
{

HL CW(HL PWM);

}

else if((HL Degree[Angle[HL Reading]] <
120)&&

(HL Degreel[Angle[HL Reading]] >

HL WalkL[i])

{

HL_CCW(HL_PWM);

}

else

{

HL_STOP();

hl =1;

}

if(HR_Degree[Angle[HR Reading]] <
HR WalkL[])&&
(HR_Degree[Angle[HR_Reading]] > -20))
{

HR_CCW(HR PWM);

}

else if(HR_Degree[Angle[HR Reading]] <
120)&&

(HR_Degree[Angle[HR Reading]] >

HR WalkL[i]))

{

HR CW(HR PWM);
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else

{

HR_STOP();

hr = 1;

}

if((KL_Degree[Angle[KL Reading]] <

KL WalkL[]&&

(KL _Degreel[Angle[KL Reading]] > -90))
{

KL_CW(KL_PWM);

}

else if((KL Degree[Angle[KL Reading]] <
0)&&

(KL _Degree[Angle[KL Reading]] >

KL WalkL[i]))

{

KL CCW(KL _PWM);

}

else

{

KL_STOP();

kl = 1;

}

if(KR_Degree[Angle[KR Reading]] <

KR WalkL[i)&&
(KR_Degree[Angle[KR_Reading]] > -90))
{

KR CCW(KR_PWM);

}

else if(KR_Degree[Angle[KR Reading]] <
0)&&



(KR Degree[Angle[KR Reading]] >
KR WalkL[i]))

{

KR_CW(KR_PWM);

}

else

{

KR_STOP();

kr =1,

}

while(1)

{

if(HL_WalkR[i] ==

HL Degree[Angle[HL Reading]])
{

HL_STOP();

hl = 1;

}

if(HR_WalkR[i] ==

HR Degree[Angle[HR Reading]])
{

HR_STOP();

hr = 1;

}

if(KL_WalkR[i] ==

KL Degree[Angle[KL Reading]])
{

KL_STOP();

kl = 1;

}

if(KR_WalkR[i] ==
KR_Degree[Angle[KR Reading]])
{
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KR_STOP();

kr = 1;

}

if((hl == 1)&&(hr == 1)&&(kl == 1)&&(kr ==

else if((digitalRead(SW1) ==
HIGH)&&(digitalRead(SW2) == LOW))

{

if(st == 2)

{

if((HL_Degree[Angle[HL Reading]] <

HL Sit_&

(HL Degree[Angle[HL Reading]] > -20))
{

HL_CW(HL_PWM);

}

else if(HL_Degree[Angle[HL Reading]] <
120)&&

(HL Degree[Angle[HL Reading]] > HL Sit))
{



HL CCW(HL PWM);

}

else

{

HL_STOP();

hl = 1;

}

if((HR_Degree[Angle[HR Reading]] <

HR Sit)&&

(HR _Degree[Angle[HR Reading]] > -20))
{

HR_CCW(HR_PWM);

}

else if(HR_Degree[Angle[HR Reading]] <
120)&&

(HR Degree[Angle[HR Reading]] > HR_Sit))
{

HR_CW(HR PWM);

}

else

{

HR_STOP();

hr = 1,

}

if(KL_Degree[Angle[KL Readingl]] <

KL Sit)&&

(KL _Degree[Angle[KL Reading]] > -90))
{

KL_CW(KL_PWM);

}

else if(KL_Degree[Angle[KL Reading]] <
0)&&

(KL_Degree[Angle[KL Reading]] > KL_Sit))
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{

KL CCWI(KL_PWM);

}

else

{

KL_STOPY();

kl = 1;

}

if(KR_Degree[Angle[KR Reading]] <
KR_Sit)&&
(KR_Degree[Angle[KR_Reading]] > -90))
{

KR_CCW(KR_PWM);

}

else if(KR_Degree[Angle[KR Reading]] <
0)&&

(KR_Degree[Angle[KR_Reading]] > KR_Sit))
{

KR_CW(KR_PWM);

}

else

{

KR_STOP();

kr = 1;

}

st=1;

}

else

{

if((HL_Degree[Angle[HL Reading]] <
HL Stand)&&

(HL Degree[Angle[HL Readingl] > -20))
{



HL CW(HL_PWM);

}

else if(HL_Degree[Angle[HL Reading]] <
120)&&

(HL Degreel[Angle[HL Reading]] >
HL Stand))

{

HL_CCW(HL_PWM);

}

else

{

HL_STOP();

hl = 1;

}

if(HR_Degree[Angle[HR Reading]] <
HR_Stand)&&
(HR_Degree[Angle[HR_Reading]] > -20))
{

HR_CCW(HR_PWM);

}

else if(HR_Degree[Angle[HR Reading]] <
120)&&

(HR_Degree[Angle[HR Reading]] >
HR_Stand))

{

HR_CW(HR PWM);

}

else

{

HR_STOP();

hr = 1;

}
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if((KL_Degree[Angle[KL Reading]] <

KL Stand)&&

(KL _Degree[Angle[KL Reading]] > -90))
{

KL_CWI(KL_PWM);

}

else if((KL Degree[Angle[KL Reading]] <
0)&&

(KL _Degree[Angle[KL Reading]] >

KL _Stand))

{

KL CCW(KL_PWM);

}

else

{

KL_STOP();

kl = 1;

}

if(KR_Degree[Angle[KR Reading]] <
KR Stand)&&
(KR_Degree[Angle[KR_Reading]] > -90))
{

KR CCW(KR _PWM);

}

else if((KR_Degree[Angle[KR Reading]] <
0)&&

(KR_Degree[Angle[KR Reading]] >
KR_Stand))

{

KR_CWI(KR_PWM);

}



else

{

KR_STOP();

kr = 1;

}

st =2;

}

}

HL_STOP();

HR_STOP();

KL_STOPY);

KR_STOP();

}

void HL_CW(unsigned char PWM)
{

digitalWrite(HLD1, HIGH);
digitalWrite(HLD2, LOW);
analogWrite(HLEN1, PWM);

}

void HL_ CCW(unsigned char PWM)
{

digitalWrite(HLD1, LOW);
digitalWrite(HLD2, HIGH);
analogWrite(HLEN1, PWM);

}

void HR_CW(unsigned char PWM)
{

digitalWrite(HRD1, HIGH),
digitalWrite(HRD2, LOW);
analogWrite(HREN1, PWM);

}

void HR_CCW(unsigned char PWM)
{
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digitalWrite(HRD1, LOW);
digitalWrite(HRD2, HIGH);
analogWrite(HREN1, PWM);

}

void KL_CW(unsigned char PWM)
{

digitalWrite(KLD1, HIGH);
digitalWrite(KLD2, LOW);
analogWrite(KLEN1, PWM);

}

void KL_CCW(unsigned char PWM)
{

digitalWrite(KLD1, LOW);
digitalWrite(KLD2, HIGH);
analogWrite(KLEN1, PWM);

}

void KR_CW(unsigned char PWM)
{

digitalWrite(KRD1, HIGH);
digitalWrite(KRD2, LOW);
analogWrite(KREN1, PWM);

}

void KR_CCW(unsigned char PWM)
{

digitalWrite(KRD1, LOW);
digitalWrite(KRD2, HIGH);
analogWrite(KREN1, PWM);

}

void HL_STOP()

{

digitalWrite(HLD1, HIGH);
digitalWrite(HLD2, HIGH);
digitalWrite(HLEN1, HIGH);



}

void HR_STOP()

{

digitalWrite(HRD1, HIGH),
digitalWrite(HRD2, HIGH);
digitalWrite(HREN1, HIGH);
}

void KL_STOP()

{

digitalWrite(KLD1, HIGH);
digitalWrite(KLD2, HIGH);
digitalWrite(KLEN1, HIGH);
}

void KR_STOP()

{

digitalWrite(KRD1, HIGH);
digitalWrite(KRD2, HIGH);
digitalWrite(KREN1, HIGH);
}

int readPosition()

{

byte HL[10];

byte HR[10];

byte KL[10];

byte KR[10];

//shift in our data
for(int j = 0; j < 4; j++)

{

digitalWrite(SELECT PIN, LOW);

delayMicroseconds(1);
for (int i=9; i>=0; i--)
{

digitalWrite(CLOCK PIN, LOW);
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delayMicroseconds(1);
digitalWrite(CLOCK_PIN, HIGH);
delayMicroseconds(1);

switch())

{

case 0 : HL[i] = digitalRead(HL _DATA PIN);
break;

case 1 : HRIi] = digitalRead(HR_DATA PIN);
break;

case 2 : KL[i] = digitalRead(KL_DATA PIN);
break;

case 3 : KR[i] = digitalRead(KR_DATA PIN);
break;

}

}

digitalWrite(SELECT PIN, HIGH);

}

HL Reading =
Data[HL[OJIHLI8I[HL[7]IHL[6]]
[HLISIHLANHLIBHL2]IHLILIHLO]];
HR_ Reading =
Data[HRION[HRI8II[HRI7II[HR6]]
[HRISIHRIAIHRIZIHRIZ21HRILIHRIO];
KL Reading =
Data[KL[9TI[KL[8IIKL[7NKL[6]]
[KLISTIKLIATKL3NKLI2]IKL L KLLO;
KR_Reading =
Data[KR[1I[KRIBIIKRI7TI[KR[6]]
[KRISIIIKRIANKRI3IKRI2]IKRILIKRIO];

}



void PrintDegree()

{

Serial.print("DATA,TIME,");
Serial.print(HL_Degree[Angle[HL Reading]],
DEQ);

Serial.print(",");
Serial.print(KL_Degree[Angle[KL Readingl],
DEQ);

Serial.print(",");

Serial.print(HR Degree[Angle[HR Reading]],
DEQ);

Serial.print(",");
Serial.printn(KR_Degree[Angle[KR Reading]
], DEC);

}
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Design and Development of Low-Cost Assistive
Device for Lower Limb Exoskeleton Robot

Wanayuth Sanngoen

Department of Electrical Engineering,
School of Engineering, Sripatum
University, Bangkok, Thailand
wanayuth.sa@spu.ac.th

Abstract— In this paper, we presented a low cost assistive
device of an exoskeleton robot, to assist the lower limb muscle by
following the gait pattern generation. The paper presents the
technique how to duplicate the natural gait motion pattern based
robotic platform from the neutral person motion as data pattern
generation, to control the positioning of foot trajectory by
following the data pattern generation which is performed by the
embedded system. The distributed control is applied with four
slave controllers and a master controller. Four slave controllers
are performed to control the four dc motors for the joint revolute
of hip and knee of both leg with the PID control technique of each
joint. A master controller is to compute the data parameterized
trajectories and the positioning of trajectory pattern. Our
approach is successfully generated motion of the gait pattern and
positioning control of the lower limp exoskeleton. The
experimental results are demonstrated the gait pattern generation
and robot locomotion.

Keywords—Assistive Device; Exoskeleton Robot; Gait Pattern;
Lower Limp Motion.

[. INTRODUCTION

From survey data of disabled people in Thailand
(Department of Empowerment of Persons with Disabilities, in
year 2015), about 1.72M persons to classify disabled body
motion is 48.8%, to lost hearing and communicate is 18.3%,
lost the eyesight is 10.6% and others. The first level is the
disabled body motion and tend to be increased. Therefore, we
aim focus on how to serve who is disability of lower limb
motion to re-walk seem the natural person motion. In this work,
we presented to design and develop of low cost an assistive
device for lower limb exoskeleton with the simple motion
function, easy to operate and used.

The exoskeleton robot for lower limb assistance has been
developed for assisting the user with the various technologies,
including either fixed station or wearable mechanism. The
walking assist device has desired to serve people who has
disability of the lower limb muscle. Many researches were
purposed the robotic rehabilitation technologies with the gait
pattern adaptation for rehabilitation, the automate gait pattern
adaptation on treadmill training and walking with the use of the
robotic orthosis Lokomat [1], [2] which operated on fixed
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Fig. 1. Prototype of walking assist robot (WAR)

station. One of the most technique, the type of wearable
mechanism were developed the lower limb exoskeleton robot.
The wearable robot type with the modern technologies was
developed in University of Tsukuba, called HAL [3] to involve
the type of power suit assistive with the walking aid system
including the electromyography signal based feedback
controller [4]. One of extremely mechanism, RoboKnee [5],
BLEEX [6] were developed for lower extremity exoskeleton for
increasing human strength and endurance during locomotion
which could performed to heavy payload, the mixed control [7]
with the position control of the stance leg and positive feedback
based sensitivity amplification controller of the swing leg.
Many techniques were applied to control the torque control of
knee [8] with EMG signal [9], estimating muscle torques from
EMG activity [10], angular momentum while human walking
[11] and also gait trajectory control of human walk, the gait
trajectories algorithm with neural network [12] for lower limbs
active orthoses [13] and the low cost of assistive device [14].
All of above researches, the key of robotic technologies aims
to assist human body motion and rehabilitation. Products
currently developed and presented in public, however, are
integrated with highly advanced technology and at extremely
high prices, causing them to be out of reach for most people.
The objective of this study is to apply an intelligent system into



a simple mechanism design for a rehabilitation device at
relatively low cost of production and maintenance to help larger
number of persons to have a chance of better quality of life.

In this work, a prototype of robot platform is called WAR
(Walking Assist Robot), to assist a person who is disability of
walking with senseless around the lower limb, to rehabilitate in
a process of lower limb muscle rehabilitation. WAR is a
wearable robot type which is attached on the outer side of the
person’s legs using straps as illustrated in the Fig.1, so the user
can step walk as closely as in normal posture without the
electromyography (EMG) signal. The WAR’s functional
controls consist of; step walk function as gait pattern, seating
up/down function, and emergency function. The step walk
function controls the movement of the legs to follow the gait
pattern generation, and providing the seating up/down function
help the user to be able to seat and stand up from a chair. The
emergency function is an important function for safety while
robot operation to allow the user request send to the operator
via mobile phone device and also the emergency switch is used
to stop the mechanism motion by manual control. In this paper,
we purposed a low cost assist robot platform for lower limb
exoskeleton, the technique of data gait trajectory generation and
the motion control approach to control the with data trajectory
generated. In section II, we briefly described the system of
walking assist robot platform. In section III, we introduced the
technique for data pattern generation and the motion control
technique in section IV. The experimental results are presented
in section V. Finally, the conclusions and future works are
described in section VI.

II. WALKING ASSIST ROBOT SYSTEM

A. System Overview

Our main research aims to develop the wearable robot for
lower limb muscle assistance with the data pattern generation.
The data patterns motion consists the step of standing up/down
function when the user posture sit on chair and the step walking
by following the gait pattern generated. The robot functional is
performed by manual operation which is press on the switch
button that installed at the cane. To control this system, the
embedded system is utilized with the microcontrollers as a
master controller and four slave controllers. These slave
controllers command the operation of the revolute joints motion
with close loop control via the data submitted to/from a master
controller. A master controller is to compute the position of gait
trajectory of the foot path. To operate this system, two button
switches (green and red color) are installed on the cane the
button switch of green color performs step walking and seat
up/down by button switch of red color. The user can manually
enable start-and-stop the robot operation by press and hold on a
switch button. The emergency function as user request is to
press and hold on both button switch in five seconds for sending
command an emergency request to the smart phone device via
the cellular phone network. On the other hand, an emergency
switch is attached on control box which is used to cut off the
electric power of the DC motor. This system is illustrated in
Fig. 2.
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Fig. 2. The system overview of walking assist robot

B. Robot Platform

In Fig. 3, a prototype of walking assist robot is designed and
implemented with four degree of freedom (DOF) lower limb
exoskeleton for the revolute joint on hip and knee of leg. The
range between hip joint to knee joint and knee joint to foot plate
that can adjust the range between them by manual adjustment.
The ankle joint is to fix and lock by using the L-shape
mechanism. The L-shape mechanism is designed for supporting
on foot area of each leg which is attached the specific shoes to
fix the ankle joint. The robot specification, the robot hardware
is designed to have a maximum pacing speed at 0.25 m/s when
it is operated. The robot dimension height, width, and depth are
110 cm, 90 cm, and 50 cm respectively. The total weight is
approximately 25 kg with the aluminum structure. At current
design, the robot structure can be adjusted to allow a range of
user heights from 170 cm to 180 cm and a maximum weight up
to 80 kg. The source of power is 12 vdc 7.5 amp with series two
batteries as lead-acid batteries which are attached at the rear part
of robot and this system can perform about 60 minute of
continuous robot operation. The maximum power of dc motor
is use approximate 120 watt. The mechanical movement part is
driven by four DC motors with spur gearhead which help to
power the hip and knee position of each leg. The motors are
controlled to work in-sync to rotate each hip joint and knee
joint, so the robot can imitate the walking pattern of a person.

(a) (
Fig. 3 The hardware of walking assist robot (WAR), the conceptual design
in (a) and a prototype of robot platform in (b).



C. Robot Kinematics

With the robot platform, in Fig.4, the 2-DOF robot kinematic
is determined with the geometric solution approach to
determine the position at the foot trajectory, to determine the
angle of joint motion of each joint. So that, the trajectory of the
foot path can be generated with the angle of joint motion using
the direct kinematic solution and also the position of foot path
can calculate the angle of joint motion by using the invert
kinematic solution.

il
Y1 Y
A
X1
E 4
» %o
Bhip= 61 "1
'S X2
Brnee = B2 ~ ‘\‘/
L
Ply) hy,

Fig. 4 The robot kinematic of walking assist robot

Therefore, the geometric solution approaches with the direct
kinematic is described in Equation (1) to (2) and the invert
kinematic is described in (3) to (6).

X=11091+120912 (1)
y=11S91+128912 (2)
x2+y2-ll2-122

Cez—T (3)
X2+y2-112-122

0,=+ |[1-| ———— 4

SU; ( 20,1 4)
X(11+12C92)+y12592

Cel:—xz+y2 (5)
x(l,+1,¢0,)+yl,s0

$0,=+ 1_( ¢ 222)2}’2 2) ©)

X ty

where s = sin, c6 = cos6, [; and [; are length of link, 8; and
6, are angle of revolute joint of hip and knee respectively. So
that, the hip angle and knee angle can be calculated by (7) and

(8).

x(l1+1c0,)+yl,s0
Ghip=atan i\]1_<(1 222)2}’2 2)’
x+y

X(lﬁ“lzcez);’ylzsez (7)

x2 +y

X2+y2-112-122
20,1,

®

X2+y2-112-122
200

Oknee=atan | £ 1-<

Therefore, the geometric solution from above equation is
used to generate the trajectory pattern of foot path with the
direct kinematics solution as described in section III and to
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calculate the angle of joint motion using the data trajectory
generated with the invert kinematic solution as described in
section IV.

D. Distributed Control System

The distributed control system is ones technique widely used
to control the machine devices in the industrial works via data
communication network. In this task, a master controller is a
main processor to compute the robot kinematic with trajectory
path and four slave microcontrollers are applied to control of
each revolute joint of robot hardware.

In this system, a master controller is to compute the position
of trajectory of foot path, to compute direct/invert kinematic
function with the joint angle of robot motion from the data
generated. The slave controller is perform to control the dc
motor of each joint motion with close loop control via the data
submitted to/from a master controller. The data protocol is
applied via RS485 protocol as data communication between
them. With slave controller, in Fig.5, the slave controller is
perform the position control with PID control to perform the
revolute joint of motion. The O is angle desire input from a
master controller, 0, is angle of joint motion action with close
loop control.

) § Bace
Amplify DC motor [———»

Slave Controller

Robot Platform

Fig. 5. The slave controller diagram of each joint.

On the other hand, we applied the UART to Wi-Fi
communication module in our system but it have delay time to
synchronize between them and noise generated by the motors
while robot operation so the wire communication is selected in
current work.

III. DATA PATTERN GENERATION

To obtain the data patterns of leg motion, we presented the
approach to generate the natural pattern of lower limb motion
based our robot mechanism. The main idea is to duplicate the
lower limb motion from normal human and applied to person
who is disability of walk as paralysis person which is assisted
the lower limb motion seem a normal person.

The data pattern generation is obtained the natural motion of
data pattern by a person wears the robot platform. With the
robot mechanism, to unlock the coupling of gear head of all the
actuators, to free joints revolution that it can be action and
motion by manual operation. To measure the angle of joint
motion, four encoders with 12 bits absolute encoders are
installed to direct the core of the joint revolution for measuring
the angular motion of each joint with the hip and knee of leg in
real motion action.



In this work, the angle of joint motion at hip joint and knee
joint are considered to determine the position of the foot
trajectory with direct kinematic solution in equation (1) and
equation (2). So, the data pattern of gait trajectory can be
generated as described in Fig. 6.

Angle of Jeint motion|

P K X
Ipl Direct kinematic |_“.| Data Pattern Generation }_“.

Robot platform

Fig. 6. The block diagram of data pattern generation

where P, is the actual angle position of hip joint and knee
joint of each leg, X, is the positions obtained Cartesian
position of the foot, X is the vector of reference positions
obtained parameterized trajectories as data pattern generation.

Other technique, the visual image can be performed to
generate the leg motion by using the marker attached on the
lower limb in case of safety measurement.

Therefore, the data pattern is generated as a master data
pattern to duplicate the neutral gait motion so the data pattern
generation is applied to control the position of foot trajectory as
described in section IV.

IV. MOTION CONTROL SYSTEM

In this section, the data pattern generation is applied to set
input of position trajectory for the motion control system. In this
work, the distributed control system is applied to compute the
data of position trajectory with the direct kinematic solution and
the invert kinematic solution is to compute the angle of joint
motion which is performed by a master controller. The data of
angle motion from a master controller is applied to control the
joint revolution with close-loop feedback which is performed
by the slave controllers.

In Fig.7, the position of foot trajectory is used to reference
input data Xcras data pattern generation, to determine the error
of position Xges from the input data and the actual position X,
as following Xges = Xrer — X, with the result of Xges, this is used
to calculate the angle of joint motion as hip joint and knee joint
by using the invert kinematic solution so the angle of hip and
knee joint can be determined. To control joint motion, Q is the
angle of joint motion to calculate the difference angle between
the data of angle from invert kinematic calculation and the
actual angle motion from robot action. So, the angle of joint
motion is to control the hip and knee joint revolution with the
classical close loop of PID control. Therefore, the robot
platform can be performed the motion control system by
following the data pattern generation.

Ko Xoos

a U
_'Q_’ Invert kinematic '—OQ -I Controller H Robot Platform | 7%
+ +
X . )
Direct} ol

Fig. 7. The block diagram of the data pattern control

Data Pattern
Generation
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where Xqe is the vector of position trajectory from the different
position between the data pattern generation and actual position
of foot trajectory, Q is the angle of joint motion from the
different data between the angle calculation output and actual
angle position.

In this section, our approach strategy is presented the motion
control for following the position of trajectory pattern. The
experimental result is shown in section V.

V. EXPERIMENTAL RESULTS

In the experiments, we focus on how to obtain the actual
angle of join motion from a natural human motion base the
robotic platform as the data of gait pattern generation.

In order to obtain gait pattern data, a person who is 170 cm
height and weight 71 kg was performed in our experiments. To
generate the data pattern, the walking pattern data was
generated from the angular motion of the revolute joints on hip
and knee. The experiments were repeated on multiple time
duration for creating the data pattern so the walking pattern can
be formed and used as a master data source for the WAR’s
algorithm to duplicate natural human gait pattern.

In the experiment of gait pattern generation, the angle of joint
motion is detected from the absolute encoder sensor of each
joint revolution by following the step motion of (1) to (7) and
the frame of gait pattern generation with the natural step
walking pattern as shown in Fig. 8. As the result of angle motion
measurement, the angle data of hip joint and knee joint of leg
with the gait cycle pattern is illustrated in Fig.9.

) (s)
Fig. 8. Frame of step walking motion for data gait pattern generation.
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Fig. 9. Angle of joints motion for gait pattern with hip joint and knee joint.
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Fig. 10. The foot trajectory generated from multiple time duration experiments

In Fig.10, with the data pattern generation, the angle of joint
motion is applied to calculate the position of foot trajectory by
using the direct kinematic solution. The robot kinematic
parameter, /; and /> are set 0.43 and 0.45 meter respectively that
applied in all experiments. So, the position of foot trajectory is
generated from a normal person.

With the motion control, the position of foot trajectory is
applied to input reference data for the motion control method.
The position of foot trajectory is used to calculate the angle of
hip and knee by using the invert kinematic solution so the angle
of hip and knee can be determined. The angle of joint motion is
used to control the motion of robot platform by following the
trajectory data. For motion control, the angle motion and
angular velocity of hip joint and knee joint are illustrated in Fig.
11 and Fig.12 respectively. The trajectory motion control is
illustrated in Fig.13.

Anglefrad) - - - Angular velocity
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Fig. 11. Angle and angular velocity of hip joint with the motion control

50 100

In Fig.11, Fig.12, the actual position of hip angle and knee
angle from the gait cycle step for following the process of
motion control. With based experimental results, the gain
parameter kp, ki, kd are set constant value 200, 150, 100
respectively by calculated based on the result of data pattern
generation step. The gain parameter of PID control method is
applied for all experiments.
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Fig. 12. Angle and angular velocity of knee joint with motion control
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Fig. 13. The position of foot trajectory with the motion control

In Fig.13, the actual trajectory of leg motion is performed
with the PID control by following the generated position of foot
path. So, the generated position of foot path and actual of foot
trajectory that can performed the same pattern movement.

With the experimental result, the motion control method can
be achieved to control the position of trajectory pattern by
following the data pattern. So that, the robot platform can
performed to active the lower limb with the basic function of
walk.

VI. CONCLUSION AND FUTURE WORK

In this work, we apply the robotic technology to serve people
who have disability of walk as an option for medical
rehabilitation device. We strongly hope that WAR can help
persons who have trouble on lower limp to resume walking
seem a normal. Our objective is to produce effective and low
cost device that can be available for more people in the society
to be able to effort. The cost of WAR prototype is about 8,000
USD. So, the cost of WAR is used about 18.2% from the suitX
Phoenix, and 11.5% from the ReWalk.

In case of person changed, the new trajectory of foot path can
be generated for supporting a person who is height between 150
cm to 180 cm by changed the constant value of /; and /; of



kinematic equation. The limitation of WAR platform could be
performed the person weight at below 80 kg on this robot
platform.

In the future works, we aiming to develop a new hardware
platform with include the revolute joint of both ankle, material
change with lighter in weight and more robust than this
prototype one. The optimization of foot path trajectories will be
determined to improve the gait pattern generation. A new
feature of anti-gravity function will be applied for protecting
the user from falling down while walking or standing.
Additional function of climb up and down on stair will also be
applied in next step as well.
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Abstract—In this paper, we presented a method of detecting
the state of the lower limb exoskeleton for a fall detection
function based on the WAR exoskeleton robot platform.
While in motion, the exoskeleton is to follow the gait pattern
data. The exoskeleton functions on distributive control
where the hip joints and knee joints are controlled by the
PID controller. Several equations are derived which outlines
the conditions needed to keep the exoskeleton balanced and
unlikely to fall. Deviations from the expected patterns and
angle changes in the exoskeleton robot may cause instability
and imbalance. Experimental results on the moment during
leg motion and positional changes of the centroid while
robot is in motion are obtained and used as conditions for
fall detection. The method proposed is effective for fall
detection in war-exoskeleton robot.

Index Terms—fall detection, assistive device, exoskeleton
robot, gait pattern, lower limb motion

I. INTRODUCTION

From survey data of around 1.88M disabled people,
(Department of Empowerment of Persons with
Disabilities, in year 2017), 48.97% have been found to
have lost their hearing, 18.39% have been found to have
lost their ability to speak, 10.26% have been found to have
lost their sight and the rest have been found to have lost
the ability to use other limbs or body functions. Though a
lot of the disabilities are those related to the senses
however, the numbers of body related disabilities are
increasing as time goes by. Therefore, we aim focus on
how to serve those whose disability is of the lower limb,
and aim to create an exoskeleton which allows them to
walk in step motion similar to normal people.

Lower limb exoskeleton robots are wearable devices
designed mainly to enhance the physical performance of
its users and aid in the locomotion of paraplegics [1]. The
method of control for these exoskeleton robots are thus
designed to accommodate its paraplegic users. Such
methods include hand held controls and proportional
myoelectric control which directly links the nervous
system to the  exoskeleton  robot  through

Manuscript received October 4, 2018; revised September 9, 2019.
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electromyographic (EMG) signals [2]. It must be noted
that the former requires the user to undergo training to be
effective. Such training is to ensure the user is able to
press the button with accurate timing.

Additional methods of establishing exoskeleton- human
interaction utilize sensors in contact with the user’s limbs
to detect movement. These sensors then instruct the
exoskeleton to move along with the user’s lower limbs [1].
Alternatively, exoskeletons could gather the information
without sensors applied directly on the user but instead
sensory sensors to gather information relating to quantities
such as force, torque, angular velocity and angular
acceleration in order to synchronize the movements of the
exoskeleton to the user’s legs [3]. However, such methods
are unable to be applied efficiently to paraplegic users as
these methods require the user to be able to move their
lower limbs in the first place.

Regardless of the method of control, information is sent
to the exoskeleton commanding it to move. In order to
achieve this, the exoskeleton is powered by a power
source such as battery packs of lithium and nickel metal
hydride origin. With a power source, the exoskeleton can
function [4]. To move the limbs of the user, the
exoskeleton is typically connected to the limbs by
connection cuffs and orthoses shells [3]. Due to its close
interactions with its users, such robots are built to be
compatible with the human body. As such, exoskeletons
contain several degrees of freedom (DOF) or joints which
allows for freedom of movement [5]. It is possible to use
elastic joints to reduce the stiffness in movement of the
exoskeleton, allowing for better human device interaction.
[6] Human device interaction is also improved by
accounting for the differences in height and weight and
adjusting the exoskeleton accordingly [7].

Since most exoskeletons are built such that the device
and limbs act in parallel, these DOFs are located where
there are joints on the human body. In the lower limb
exoskeleton, these locations are namely the hips, knees
and ankles. For joint rotations in which the device cannot
rotate in an axis of rotation parallel to the limb however,
the device does not have to be placed in parallel. For
instance, to enable the abduction rotation of the hip, the
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BLEEX exoskeleton model positioned the center of
rotation in the rear part of the hip joint mechanism instead
[5]. While these components are important in the
construction of the lower limb exoskeleton, in this paper,
we aim to detect the state of the lower limb exoskeleton
platform while stand and motion. We propose a method of
detecting the state of the exoskeleton robot by determining
the total moment of lower limb along with the vertical
positional change of the centroid while robot is in
operation. In acquiring such information, the movement of
the exoskeleton can be calibrated to ensure that the user
does not lose balance and is able to walk safely. To
continue a WAR-Project [8] work, we present the method
of fall detection to control the joint motion of robotic
platform while its operation with the motion functions.

In this paper, we propose the technique of
implementing a fall detection function to protect users
wearing the robot. While the robot is in operation, the
center of mass is to be determined using the simple
trigonometry solution with robot kinematic. In section 2,
we briefly describe the walking assist robot platform. In
section 3, we propose the method of fall detection. The
experimental results are presented in section 4 and finally,
the conclusions and future works are described in section
5.

Il. WALKING ASSIST ROBOT

The walking assist robot, WAR [8] was developed at
Intelligent Robotic Laboratory, Sripatum University. A
WAR robot is a wearable robot for lower limb muscle
assistance with four degree of freedom (DOF), to assist
lower limb motion with the walking pattern function
without EMG signals. The robot motion function consists
the step of standing up/down function when the user
posture on sit a chair and the step walking by following
the gait pattern data. The specification of WAR-
Exoskeleton robot (Fig. 1), the robot hardware is designed
to have a maximum speed at 0.25 m/s when it is operated.
The robot dimension height, width, and depth are 110 cm,
90 cm, and 50 cm respectively. The total weight is
approximately 25 kg with the aluminum structure. The
robot structure can be adjusted to allow a range of user
height from 170 cm to 180 cm and it is carried a
maximum weight up to 80 kg. The source of power is 12
vdc 7.5 amp with series two batteries as lead-acid batteries
which are attached at the rear part of robot, this system
can be performed an approximate 60 minutes on
continuous robot operation. The mechanical movement
part is driven by four DC motors with spur gearhead
which help to power the hip and knee position of each leg.
The dc motors are controlled to work in-sync to rotate
each hip joint and knee joint, so the robot can imitate the
walking pattern of a person.

The robot functional is performed by manual operation
which is press on the switch button that installed at the
cane. To control this system, the distributed control
system is utilized with a master controller and four slave
controllers. These slave controllers command the
operation of the revolute joints motion with close loop
control via the data submitted to/from a master controller.

© 2020 Int. J. Mech. Eng. Rob. Res

A master controller is to compute the position of gait
trajectory of the foot path and to perform the digital gyro
and accelerometer sensors module that attached on a
lower back and both ankles. To operate this system, two
button switches (green and red color) are installed on the
cane the button switch of green color performs step
walking and seat up/down by press a button switch of red
color. The emergency function is to press both button
switches and hold on five seconds, the alert command
sends to the smart phone device via the cellular phone
network. This system overview is illustrated in Fig. 2.

A master controller and
batteries attached on rear
position

Straps

Slave Controller

Slave Controller

DC motor
with Gearhead Absolute Encoder
installed at revolute

joint motion

Figure 1. A prototype of the WAR-Exoskeleton robot.

Slave Controller ”‘ <

‘t Slave Controller |
Slave Controller |~ ‘( Slave Cantroller

-

Gyroscope & Accelerometer
Smart
|

Phone
Master Controller

Cane Communication Cellular Network
Meodule

Figure 2. The system overview of walking assist robot.

1. FALLING AND BALANCING

There are many methods of ensuring the exoskeleton
remains in balance such as through the use of EMG
signals which allows the user a lot of control and depends
on them to remain in balance [9]. However, the use of
EMG signals is difficult to implement as there are many
muscles at work and each person uses their muscles
slightly differently resulting in varied signals [9], [10].
There is another method of control where the exoskeleton
will stop when the user does not exert force on the robot
platform. In research [11], the robot platform imitates the
user’s movement, aiding the user produce the force
required. As such, when the user stops, so does the
exoskeleton, preventing it from falling. This method
requires the user to actively participate in walking.

In this paper, we aim add a fall detection function with
PID controller of the control system based on the existing
WAR-Exoskeleton [8] as shown in Fig. 3.
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Fall detection
Data Patts .+
ata Pattern .O Invert Kinematic -I Controller .[ Robot Platform ||
Generation + +

Direct Kinematic

Figure 3. Diagram of Control algorithm robot platform.

In this work, the method proposes to detect the robot
posture which would indicate whether the robot is
unbalanced. The xy-plane projection is used to determine
a centroid position of robot platform when its position
changes along y axis and the yz-plane projection is used to
determine the distance of path trajectory of the footplate
along with the total moment of leg as shown in Fig. 4. The
method of balance proposed mainly utilizes the four
absolute encoders already attached on the both side of the
hip joints and knee joints in order to determine the angle
of joints motion of the robot platform while it is in
operation.

xy-plane

A Hip-joint

Link 1

v i
X Knee-joint

Link 2

L-shape Foot plate

z

Figure 4. 2D Plans of robot posture projection.

Gyro & Accelerometer Sensor
{ Absolute Encoder Sensor

Y

Revolution

P2

Side View
Front View

Figure 5. Robot locomotion of position changing.

To find the moment of leg, let the length of the upper
leg segment be denoted as L, and lower leg segment be
denoted as L, the angle of the hip joint and knee joint in
degrees be denoted as ¢, and ¢, respectively. In order to
determine state of the robot platform, the total moment of
force must be calculated. Let the mass of the upper
segment of the exoskeleton be M; and the mass of the
lower segment M,.

The positioning of the legs may be separated into three
states consisting of state 1 where @, > 0 and ¢, > @4,
state 2 where @, > 0 and ¢, > @,, and state 3 where

© 2020 Int. J. Mech. Eng. Rob. Res

1 < 0. The moment of the leg (Q,) is denoted in
equation (1). (For all calculations, the positive magnitudes
of the angle are used).

Q= %Llsin(@l) + My(Lysin(eq) + Lpsin(X) - (1)

where: variable X differs for each state with its value in
state 1 being ¢, — ¢4, in state 2 being @, — @, and in
state 3 being @, + @,.

Having calculated Q. , we establish the parameter
Qureshold t0 set the range for the acceptable moment
outputs which ensures the exoskeleton robot will not fall
forwards or backwards. If the value of Q, exceeds the
bounds of what is expected, the exoskeleton can be
assumed to be unbalanced. The exoskeleton robot
platform will cease to move when the exoskeleton’s
balance forward or backwards is unstable or in other
words, when Q; > Qinresnota - NOW that the value of Q,
has been calculated and information on the state of
balance forwards and backwards has been obtained, we
can calculate the value of another variable through the
side view. The height of the footplate from the ground
(along the y axis) is denoted as H,. Equation (2) gives the
value of H;, the height along the y axis. The value of
variable X is the same as in equation (1).

Hy = Hy — (Lycos(@q) + Lycos(X)) (2)

To determine whether the exoskeleton will fall
sideways, a trigonometric approach is taken where the
exoskeleton is viewed as a triangle. The vertices are
marked by footplate on the floor, the foot being lifted up
and the center of the user’s lower back. We base our
calculations of the centroid on the centroid formula. The
position of the user’s waist is assumed to be constant and,
therefore x5 and y; (otherwise denoted in the Fig. 5 as H,)
can be measured in standard position and will not change.
We assume that the foot placed on the ground does not
change and is positioned at the origin. In that case,
x,and y; are zero. While the other foot is being lifted, it
does not change in the x direction and therefore x, is
constant and measurable at standard position. y, is
equivalent to H; found before. As such, the centroid of the
triangle follows the equation (3) for all states.

As all x values are constant, the x coordinate for the
centroid does not change. The y coordinate of the centroid
must change and this change can be used to determine if
the exoskeleton platform will fall. If the difference in the y
coordinate of the new centroid from the standard position
centroid exceeds the threshold, the system recognizes that
the user has lost their balance.

®

PH (x’ y) _ (x1+9;2+x3 ) y2+H31+H2)

P, can be used to determine whether the exoskeleton
will fall sideways and similar to Q;, it can be written as a
variable condition for a balancing program in the form of
PH (X, y) > Pthreshold where Ptoreshold defines  the
acceptable range of the centroid output. Therefore, the
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equations from above are used in conjunction to create a
program function that detects the extent of the
exoskeletons lean and determines whether it will fall.

IV. EXPERIMENT RESULTS

In the experimental phase, a person weighing 75 kg
with height 173 cm performs the functional testing in our
experiment. The angle of joint motion is obtained from the
12 bits absolute encoder that attached both on hip joints
and knee joints. In this system, a master controller
(Atmega2560 controller board) is used to process the fall
detection function and the motion planning with trajectory
control, the slave controllers (atmega32b controller board)
are used to perform the close loop control of each DC
motor with an absolute encoder.

Figure 6. Experiment of gait pattern cycle.

In experiment, the following percentages of total body
weight were used to calculate the natural leg: the thigh
amounts to 9.6% of total body weight, while the shit and
foot are 4.5% and 1.4% respectively. From the calculation,
M, , the combined mass of the user and exoskeleton for the
upper leg and M,, the combined mass of the user and
exoskeleton for the lower leg is to 12.20 kg and 9.43 kg
respectively. The length L; and L, of the upper and lower

legs are 30 cm and 33 cm respectively. H, is found to be
90 cm. The experiment is shown in Fig. 6.

Joint Angles of Lower Limb Motion

——HipLeft ——Knee Left Hip Right ——Knee Right

Time

Figure 7. Joint motion of gait pattern

Fig. 7 describes the raw data collected in a single trial.
The different lines indicate the change in angle of
different joints. In the trial, five steps are taken and
therefore there are five different instances of the same
pattern shown in the experiment. In each iteration of the
pattern, the motions of the right and left legs were similar
indicating both sides should yield the same calculations
when put through the equations derived.

For the experiment, five trials, each consisting of five
iterations of walking motions, were conducted. The result
of the moment of leg data is illustrated in Fig. 8 and the
change centroid data is illustrated in Fig. 9. The data
indicates that as long as the values for total moment and
coordinate of the centroid of the exoskeleton robot
platform are within such peaks, the exoskeleton is in a
state of balance. From the data received, Qinreshoiq 1S Set
to be 145 for forward swings and 77 for backward swings.
Pinresnota 1S Set to be 33.

Combined Moment of Lower and Upper Leg

Moment (Ncm)

Trial 1
——Trial 2
Trial 3
—Trial 4

w—Trial 5

Time Index

Figure 8. The experimental results of moment output of gait patterns.

Vertical Coordinate of Centroid

Position (cm.)

1 5 9 13 17 21 25 29 33 37 41 45 49 53 57 61 65 69 73 77 81 85 89 93 97 101105109113117121125129133137141145149153157161165169173177181185189193197201
Time Index

Trial1
w—Trial 2
~—=Trial 3
—Trial 4

w—Trial 5

Figure 9. Centroid coordinate change for fault detection.
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V. CONCLUSION AND FUTURE WORKS

In this work, an experiment was conducted and data
was obtained. The two variables were calculated using the
derived formula and the desired result achieved. The value
of Qthreshoia AN Pipresnoia Was set based upon the
platform experimented upon as in Table 1. Having
successfully set the threshold, a program would be made
which would prevent the robot platform from falling.
When the threshold is exceeded, the program would
command the robot to reverse its motions successfully
keeping the exoskeleton from falling. As such, this
particular platform would be kept in balance. It would be
beneficial to further refine the method of balance and
derive new equations to make the method of fall detection
usable for situations other than walking. These situations
may include running, jumping, or walking up the stairs —
situation upon which the current model fails to detect
imbalance. Future research on the lower limb exoskeleton
may also include the possibility of additional degrees of
freedom and joints in places such as the ankle which
would serve to give additional comfort to the user and
create more nature movements.

TABLE|. EXPERIMENTAL RANGE OF MOMENT AND CENTROID

COORDINATES

Y Coordinate
Experiments Total Moment value of Centroid
(N.cm) (cm)

Swing Swing

No. trials Forward Forward Max. Min.
(Max.) (Min.)

1 119.92 88.34 32.47 | 30.01

2 126.18 85.07 32.70 | 30.01

3 134.52 81.97 32.49 | 30.01

4 155.05 82.86 32.30 | 30.00

5 187.93 49.07 33.49 | 30.08

Avg. 144.72 77.46 32.69 | 30.02
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