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Stability Analysis of a Hexapod Walking Manipulator over Uneven Terrain

Mahdi Agheli

Department of Mechanical Engineering, Tarbiat Modares University, Tehran, Iran
P.0.B. 14115-143 Tehran, Iran, nategh@modares.ac.ir

ABSTRACT

Many environments are inaccessible or hazardous for humans in which some sort of manipulation such as search and rescue operations,
inspection, repair, maintenance, machining, etc. needs to be done. Examples of such environments include remaining debris after earthquake
and fire, ship hulls, bridge installations and oil rigs. Generally, these locations suffer from lack of appropriate visual, respiratory and safety
conditions for human workers attempting search and rescue, inspection, repair and maintenance. Therefore, it is more appropriate to use
mobile manipulators instead of humans in these environments. The main requirements for a robot to be used in such environments are
having high mobility, high manipulability and more importantly having the capability of maintaining its own balance under different working
conditions. In this paper, a hexapod walking robot, which can be utilized in such environments, is introduced as a mobile manipulator and
investigated in terms of stability. First, a stability criterion called “Foot Force Stability Margin” is introduced and then verified over uneven
terrain. To do so, the introduced criterion was compared with the well-known “Force Angle Stability Margin”. Results showed that “Foot
Force Stability Margin” is applicable and reliable over uneven terrain.

Keywords: Hexapod walking robot, Foot Force Stability Margin, Force Angle Stability Margin.

I¥] bl swyp g anles V] @y Jualsy jo b,y 5l eolatwl a4 les doddo )
Sy b [0] OB (55lxe 5 ] 5L Y] bdlg) Sbcae g anles 3529 HgeYgile (29 4 5L o] j0 a5 Wijls ve2g ool slalae

Lol 5o Slegil (6)l0e55 5 Dl o cilos sliwly 53 (o (eizran
A g ik Sgaze j93 Bt (pl 992 ol b [FV] conl o sl
Iy Jlgenl (Ls gl e b aiiuns 1018 5 03yl 5L5 (6 ymin s0l3] @l yo
oy oS slp bl 5l G ol 1 (S o S b
shaze 3o ol Cenl jgame (Sldl (59505 e9)00! 51 At (o0 oolii
moslal 5 ceai o 53y Sy sl 1y ey B 09y Joi BB 5o 5 S5
lgeal slabome (sl wlsiood IS5 g8 nl (nlpln a5 5le
8l Sl a0l (sl 3,050 )18 oolinl 550 S5 g s JB
093 Sygoay K5 s BB pé slalaze 13 GseuYgile anlS
4,0 F Lk ogdle & allbie (Sote slapiacs 4 5L 09 ploxl

Please cite this article using:

s B s 425 ST o ins 1y ol sl Ll
50550 e 5 dm ol B gl Jolis o daomo 43g ! 5l (sl digad it
“ay bl (18 bS5 dady Slapl (AT Gy it
Bls 5 ks S o B 8 35208 s oS 555l (S5
Ol prand (Ol g gt aiile glles jo a5 wites SIS 6l el
GBS Sl laiges (Jle plorear S oo codld 6, 5 il
Olpls el oal 0aiS paas a4 ) USS yo s SHL Ay S Bl
il 5 clio blams 4isF ol o oladl glr 4 bl 5l eslic
&yt Slgige a5 Cosl ot @yl sl ol slyy g0l sladel, Jlrals
s b eoly ol alax 510,50 1,8 eolaiul 590 sgaore (L5 slalass

s lod 3Ll 13 L 5l Wl ol @ gl yl (610

M.M. Agheli, Stability Analysis of a Hexapod Walking Manipulator over Uneven Terrain, Modares Mechanical Engineering, Proceedings of the Advanced Machining and Machine

Tools Conference, Vol. 15, No. 13, pp. 481-484, 2015 (in Persian .,s)


https://dorl.net/dor/20.1001.1.10275940.1394.15.13.80.0
https://mme.modares.ac.ir/article-15-9782-fa.html

[ Downloaded from mme.modares.ac.ir on 2024-04-20 ]

[ DOR: 20.1001.1.10275940.1394.15.13.80.0]

Hle (5340 Soxo

Dlgadls sl pune 59, SL1HED 0339, oy Ygi¥auile olaly Julxs

gl yond 5 S Bz 53 0digyely LI (cagpde 3 ) T S

st S JB e b lsenl mla o g5, Dby ol F i o
dnlio 4l =950 )l Jlre b (miwcome gz giloand @S s
1 are Ll g sl ond (g uSamts lio 51 F i o Cal o

ool )0 sy

L Samw Solwb sxe -V
5,k gl @yl s @ln Sk oL o ol b
WS oo S gz by bl mhae pdges sy oy oS Sl oz 2
Sl gl Sl glaly s 9 (G316 ol sl ool SIS el
Al Gl el s o by ke ol SO Jle g
Lol aso gl Sall 5 ok 4 (e S5k 5l o)ls 550 a5 010 1) s luly
Om 23Sy jebar 0l (BBASS U5 oy st il LSy DL
3 by ol 0sd S 319l a4z e 0l ol e ol don
Sy hgo Gl b (pASS abas g0 s &5 Ll b ogdoe yeS
ool 4 b 5 bl o ps ol o ol (olSan T 5 05l (0 59,
) aasly &g b 59,08 gl Jlre 9,000 51 sl (5lbG Ll il jo

By (oo iy 2l

FFSM=1_[% )
i=1

s p dges (59,0 fi omey b uled slyls @b,y slaly slawi i aS' g sbay
3 bln bl e sl gl 5 3508 slogyes IS e T 5 0L 5o
Om 6998 olsen b (5955 )b Jlae oS Wlicep iz g Wolae
UL oSy oo s slinedy yio 5as 455, 5bas IS5 oy |y 55 5 o
@ p3Y wdlige Ol )kl (n i 0aaadplis V sae g (e I b
aS 0ed oo by 6 lLL 4 e Jyee ,0 LT Hao sae AT cul SB

il 03,5 Iy GBS a8 L 5 ¥ ay e b olad gl sl slues
J:J.: ‘Aj)b 399 o ‘5J§i.> Sdxo ‘5LQ)L_,.M gy 6}“-\-1113. )L:_u ).gaj)l.c
5hoslaiwl Solw 04250 sbojlre 500 loas b (59,0 Hlrs 31 oolaxul
slolinn 45 oo 055 e 5 by 55 L g5 Sis bty ailige ol
Orpon 1) ol 6xSoilul g Wedoe barpe 55 Sl dwais 4 K03
gl 5 5lsen zsho ;3 b 5o sl Sl WS lsdo (U
Sl o olnb Sl g9d50 ol (osp Sln Sl 002 (o
o 4 3ype oad 5L (o)l sloslins 51 S b lie (ol s e

| . ‘
[RA] 36 algd Sy J5Is 65 e Y S

3 Jlsepyed Slalazme Sl il ol Jlais,se Sldee sl sl ol
WS 5

"0l @loy Gl 15 5 )lpeal slabazs o0 2S5 ,> Sua
il glgil ol oy w5 Joel, Su plsreas enigpel, b ylok sl
5 bt WLl olas b bt ez ds slocl, ol oo, ol 5
Glisee gl Sy b onigyol, sliSa clacly, «oleecslys o &l oy
o ooliil gl (orlis an S ailsie b slp dilite glaolb g
onig ol sLliSe slacl, wxil B odle 5 (Dlpasi 15 eSS Slilas
oS ol o0 sl ol et 5 Wl gt 15 Sl ol 5 Sl
oolainl 8,90 alizee glao )5 )0 loo S jebay Lok, cpl Jos o
ol ot ol b aglie 1o oS tom 5l WpSs 3
g bally b ghasyié 5 Jlsanl gladams (sl 5 2y oaigol, olliSe
Sl wogidl S s cnl NFV ] W dee 5565 wlge g oyl
Dranl cls 5 sos alex ) SsS6S olles oy |, sbliSa
Sl S o ol VAL Jlgos 51 538,90 ¢ VY] (gl Lo lolicsT
S bl b s S 4 L5 a5 oS (ol il e SUTiSa
s oS o Sllasl (Fn )5 slad o s Vsl L
lalaoe )3 )15 & 5l oS oles )5 lp izmen 5 lgeal lalaons
558 )18 solatwl 0590 3,10 3525 Sgaze
- tle 5 (65 o pross aislee Sias sl SbliSa ol 31 eslicd
obes NN A] cel ooy Olo a9 a8l,] lie ol odiangi dags D3 (5,5
59 Zewl ool osle las ¥V JSS jo Siled g segie ik o a5 5b
Tl o Lazes )3 0y ol SLliRe by bawgi (Y giile Slilos Jobo
S e S s 5 Sy Sz 85 a5k Y Sl (Ko lyal
aolsl glyy oy Slogsle 51 S sl ogay 09 aniloai o5 sl
Ly og3 @olly O Jsb po wilsny by a5 conl ol Jilyd iz 0 )8
FBrt ol sl ol [lae SO a5l bl s jo S Laas 55
VY b 530k odsl sl b 9 ol ol Sl el Gl
Sere ol i g como Jul Ll [YVY -] ol oats @)l oty g awgs
So b dllie cnl jo sl 0als oy gl o 5 )lpen f Sl s )
Al mls 5 48,5 518 el mlaw Su 65y 2 by Gileand wnl
Gl (slone (5Bl 5o b 53 (5l slane b et
sl o0 sl dygl -9 3 (5l Jlose ol 4
9 00 00,91 b (69,5 (5 Il Jlme p (sledie ¥ idu ;o g allie aslsl jo

CAMMT yusl i =¥lio ac gozo aolio sy Y oplab A0 0993 AYAE QLT (oo Suille uwdiae FAY


https://dorl.net/dor/20.1001.1.10275940.1394.15.13.80.0
https://mme.modares.ac.ir/article-15-9782-fa.html

[ Downloaded from mme.modares.ac.ir on 2024-04-20 ]

[ DOR: 20.1001.1.10275940.1394.15.13.80.0 ]

Dlgadls sli pume 59, SL1HSD 0339, oy HesVauile oldaly Julxs

L sd 59w

e T N N

0N 8 B phae 65) LGy bt gl ) Lo 5 WS
b 55 sy lubl plo o5 Sglis cal b ol oo Bl spelie 5o 5Lm
Sl g Wedioo bz gl SE Al 18 Jbend w59, & L,
S5y oS pymisly olad alail Jso Sl 5 05300 o Lop)T (ouled (598
L ilodnd mls 0 JS8 bl oo g WS (o0 Oled 358 518 (B o
Ol ol aill s b ln 695 Dot sk b 93 0 sl
@=0) 5l oo a5ly Jlo i mhaw a5 g0 5l @S cpl aps o0
Sy G0y jloced s al; 45 a8 b ol (65lly perSle
o 0L S8 ol o 0ol LS 5L 3 i i 5l o5
T ot Ol ol el aly - 6 luly s a5 a0
Bl s (Js5 s, ot mhaw ol GRIEIL gl 9o e Lol WS
L oMbl abis Glas 93 50 aSinl e g wamd e ol 1) s5ll
SIRLL i 4 plosen 4S5 sbdy WS oo Suiier o2 & alie BB

ey oo §MLL e plea b

S5 dmi -f
5o oolawl BB g¥anile S lgiedy onigyely obliKe ol wllie cpl jo
Sk 5 Gyiwd Jlpd Lo 5 S e () oedle e 5l (Sl
Solub bix lp gilme Gl b9 olul Jlae 9 ad (Byme
Tomo Sz b Gl A0 a5 g By Sldes plowl e o DL,
S 69y S Sy Glp gl mems Golul ead Al jlae b i
ol gileans mbi as anlie (5,55 Ojged oyl 13 loeal mlaw
&9 NS o0 ot 0L |y 6l Sl g e 93 50 a5 sl
WS st 1 oly bl gailblie agly 508 gl e
Sy SIS 1y o)yl alind Joms 53 o 45 b ool Gli cypian

ol L o ylml jlae oSl Coxo (pl a5 QS oo S

&b o035k bas

&bl ahis

:
Lol sl

02 M dsli-gyd gl sl

25 30 35 40

0 5 10 15 20
(a4 39) el s

sy =9y Slel Sl b L (g9, (solaaly s annlie & JSCB

FAY

[YY] Gamgs Sl o augly =g 55l hons 51 (Siloss ¥ JSC

el 0 anglie [VY] aygly =95 5l Hleeo

ey Sl 0ads ooly Lid ¥ ISE jo a8 agly — g (gl le wlal
o dmlxe Dby ey S50 ooy slag s sl o bl o
g Sl B3z sleysme w4 psle 5L 93 o Jlail b s w090
ol S oz ol pls by ey e &5 el 4 WsSios
Oz Sl 4 sumed Sl 3 a5 Sl (e 05 7 (o0 o9
ey bl peled abali ploa is 2 adall (pl 45 0l 0925 S 2 dbi
b )0) b jgzme (ol 2 090 gy 5550 5l )l e (V) USCE) el
O sl 0SS Lales 005 oo jolaie (wled alali Coos &y (gumge
9o b o bl) bjsome 1 ogee oy agly b oadsl (69,5 anly oy
D98 oo a8 Sl )3 Sl sylwl e e )l Dlgrer (o
SR 50 sao agly sl cote o lgem Wil aysly ol by sl sl
280 go LS 1y (gl e asgl;

HNganl whaw (595 b 598 SoINb sbwe (i o Y
e asly —55e @Mk Sl 5 b s bl Sl 590 i3 cnl o
e e lad o Jlpeal mhvw o) JBomile shid b,
cha 3l e B USE o o0t ool olis el el oad (gjluard
O 50 0,8 e Dyge T el (il 45 sl lgonl b mlanne é
S O 8 95 &5 Cewl oad 48T A s Law by Sy gsleand
FB ol s o5 cel (g o gl sy o b Su B gl
Slei 5l s gamgs ©jgoa T USS o haw ol (pl Seiled ol o
ol it sl b G208 e s o e ool oLt sl
P8 gl sl 4, S > b o Oy Ko ghaw o cullgal 258
2 by Gyl oSl by o5 il e Geb s (5538 05
@l il Pl po b (Soo ol (sles (59508 &5 900 (o0 ) b
e 69 s e cod Wb 025 18 il iz e Sl oS
S35 T S g gy jeax e Db a5 ek 398 @i 4z s
ol it gay5 B ol S A 5 L gl
St ol e 5l F S Gillas @ co o ol dsmio ol 4l g
$5) 45 @loly bwgi (i San 5 958 o0 Lulr b a2 S0 il
oot i ot Gl b plogan 53 gn o siin 8] el
SIoss olul b Jolss ol Lol aS0nl b aidly fals pinew 5)luk
& horles o &5 w3 (o0 &) (olKa INLL (nl e s
039 2o 500 (F)le @ g Sy (o0 sho a4 w8 F 15 et mhaw s,
Ol 3 et oo Jeos Wl 18 (Bl mha (59, 45 lgs bawgs L,
o2 ) Bl w65, Dby b9 &S L25m jeme Jo> oLy Sl
B Soske b slal STl e Mol 4 9 iS00 (g0 WS (0 Jeog

CAMMT yuil piiS ¥lio ac gomo anliofs A ¥ o)laid 10 093 AYAE GbT e Sulke i


https://dorl.net/dor/20.1001.1.10275940.1394.15.13.80.0
https://mme.modares.ac.ir/article-15-9782-fa.html

[ Downloaded from mme.modares.ac.ir on 2024-04-20 ]

[ DOR: 20.1001.1.10275940.1394.15.13.80.0 ]

SBle s34 Joxo

lgadli S yuune 59 SLIED 0339 ol YgiVauile B)lIsly Julxs

s Joe 50 a5 1z a8 o Lol 1 T LB (5955 Jlne (ol 005 e
Sl G Sl il 4 OlE o0 Sl b e s RTosll L
dwaip glabod ailre 5 g pSojlal 4 g3l s g cdl caws b,

A))L)J S9>9 g_al))

&l -0

[1] A. Iborra, B. Alvarez, F. Ortiz, F. Marin, C. Fernandez, and ]. Fernandez-
Merono, Service robot for hull-blasting, in The 27th Annual Conference of
the IEEE Industrial Electronics Society, IECON, Vol. 3, pp. 2178-2183, 2001.

[2] J.-K. Oh, A.-Y. Lee, S. M. Oh, Y. Choi, B.-J. Yi, and H. W. Yang, Design and
control of bridge inspection robot system, in International Conference on
Mechatronics and Automation, pp. 3634-3639, 2007.

[3] C. Choi, B. Park, and S. Jung, \The design and analysis of a feeder pipe in-
spection robot with an automatic pipe tracking system, IEEE/ASME
Transactions on Mechatronics, Vol. 15, No. 5, pp. 736-745, 2010.

[4] H. Schempf, Neptune: above-ground storage tank inspection robot system,
in Proceedings of the IEEE International Conference on Robotics and
Automation, pp. 1403{1408, 1994.

[5] A. Nassiraei, Y. Kawamura, A. Ahrary, Y. Mikuriya, and K. Ishii, “Concept
and design of a fully autonomous sewer pipe inspection mobile robot
"kantaro", in IEEE International Conference on Robotics and Automation,
pp. 136-143, 2007.

[6] http://inrotech.com

[7] http://kemppi.com.

[8] http://www.bitterrootirrigationdistrict.net/media-gallery.

[9] http://joyce-road.blogspot.com.

[10] Y. Go, X. Yin, and A. Bowling, A navigable six-legged robot platform, in
Proceedings of the IEEE International Conference on Robotics and
Automation, Vol. 5, pp. 5105-5110, 2004.

[11] X. Duan, W. Chen, S. Yu, and J. Liu, Tripod gaits planning and kinematics
analysis of a hexapod robot, in Proceedings of the IEEE International
Conference on Control and Automation, pp. 1850-1855, 2009.

[12] S. Netto, A. Evsuko, and M. S. Dutra, Fuzzy systems to solve inverse
kinematics problem in robots control: Application to an hexapod robots’
leg, in Proceedings of the IEEE 6th Brazilian Symposium on Neural
Networks, pp. 150-155, 2000.

[13] G. Jianhua, Design and kinematic simulation for six-dof leg mechanism of
hexapod robot, in Proceedings of the IEEE International Conference on
Robotics and Biomimetics, Vol. 2, pp. 625-629, 2006.

[14] S. Fujii, K. Inoue, T. takubo, and T. Arai, Climbing up onto steps for limb
mechanism robot asterisk, in 23rd International Symposium on
Automation and Robotics in Construction, pp. 225-230, 2006.

[15] M. M. Billah, M. Ahmed, and S. Farhana, Walking hexapod robot in
disaster recovery : Developing algorithm for terrain negotiation and
navigation, in Proceedings of World Academy of Science, Engineering and
Technology, Vol. 42, pp. 328-333, 2008.

[16] E. Karalarli, A. Erkmen, and I. Erkmen, Intelligent gait synthesizer for
hexapod walking rescue robots, in Proceedings of the IEEE International
Conference on Robotics and Automation, Vol. 3, pp. 2177-2182, 2004.

[17] M. Massari, P. Massioni, S. Nebuloni, G. Sangiovanni, and F. Bernelli-
Zazzera, Realization and control of a prototype of legged rover for
planetary exploration, in Proceedings of the IEEE/ASME International
Conference on Advanced Intelligent Mechatronics, pp. 863-868, 2005.

[18] S. Wu, L. Wu, and T. Liu, Design of a sliding wall climbing robot with a
novel negative adsorption device, in The 8th International Conference on
Ubiquitous Robots and Ambient Intelligence (URAI), pp. 97-100, 2011.

[19] Agheli, Mahdi, Long Qu, and Stephen S. Nestinger. SHeRo: Scalable
hexapod robot for maintenance, repair, and operations. Robotics and
Computer-Integrated Manufacturing, 30 (5), pp. 478-488, 2014.

[20] Agheli, Mahdi, and Stephen S. Nestinger. Study of the foot force stability
margin for multi-legged/wheeled robots under dynamic situations.
IEEE/ASME International Conference on Mechatronics and Embedded
Systems and Applications (MESA), 2012.

[21] Agheli, M. A. H. D. I, and STEPHEN S. Nestinger. Foot force criterion for
robot stability. Proceedings of the 15th international conference on
climbing and walking robots and the support technologies for mobile
machines. Vol. 23.2012.

[22] Papadopoulos, E. G., and Daniel A. Rey. A new measure of tipover
stability margin for mobile manipulators. In Proceedings of IEEE
International Conference on Robotics and Automation, Vol. 4, 1996.

CAMMT sl yiiS oVlie dcgoze dolimiojas Y ojlad (10 0095 AYAE OLT (Hurde Suilke wliie FAF


https://dorl.net/dor/20.1001.1.10275940.1394.15.13.80.0
https://mme.modares.ac.ir/article-15-9782-fa.html
http://www.tcpdf.org

