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Abstract

This paper presents the designaaiovel robot capable ofclimbing on vertical and
rough surfacessuch as stucco wall¥ermedCLIBO (claw inspired robgt the robot
canremain in positiorfor a long period of timeSuch a capability offers important
civilian and military advantagesuch assurveillance, observation, search and rescue
and even for entertainmemind gamesThe robot'skinematics andmotion, is a
combimation betweenmimicking atechnique commonly used in reckmbing using
four limbs toclimb and a method used by cats to climb on trees with their claws. It
uses four legs eachwith four-degreesof-freedom 4-DOF) and specidy designed
claws attached to each Idtat enable ito maneuver itself up theall and to move in
any directionAt the tip of each leg is a gripping device made of 12 fishing han#ls
aligned insucha way that each hookan moveindependeny on thewall's surface.
This design hashe advantage of notequiringa taitlike structure that woulghress
against thesuface to balance its weighA locomotion algorithm was developé¢a
providethe robotwith anautonomous capabilitior climbing alongthe pre-designed
route. The algorithmtakes into accourthe kinematics of the robot and thentact
forcesappliedon thefoot pads In addition the design provides th@bot with the
ability to review its gripping strengtn orderto achieveand maintaira high degree

of reliability in its @&tachmento the wall An experimentalrobotwas built to validate
the modé and its motion algorithmExperimens demonstratehe high reliabilityof

the special gripping device and thiiciency of the motion planninglgorithm
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1. Introduction

This paper considers ttgesignand motion planningf a robot with the ability to

climb on vertical surfacesSuch a capabilitgignificantly increasesobotmobility and
workspaceand has important military and civilian advantagss part of the design
goals, it was posited thahe robotshould be able to move in an autonomous and
reliable way. Moreover, the robot should be small, compact aneteasyry for one

man operation. To conduct its missions, the robot must also be able to remain
statically attached to the wall witho energy consumption. To achieve these design
goals, a robot was designed and developed that mimics the kinematics of a human
rock climberwho uses four limbs to climéndimplementghe method used by cats to
climb on trees utilizingtheir claws. The robot that was designed is termed CLIBO
(claw inspired robot)

A robot prototype was constructed for the purpose of demonstrating our concept.
Using a kinematics model, the locomotion algorithm that was developed as part of
this work combines controlfdhe four legs with an ability to utilize smart actuators.
Our experimental results with CLIBO have shown that reliable -ghatibing is
feasible.The unique design of the robot provides it with maneuvering capabilities, on
the one hand, and the ability tontrol its position and force distribution, on the other.

A robot that carvertically and autonomously move vertically along a rough surface
such as stuccaffers considerable military and civilian advanésy Positioned high

on a building, theobot, serving as an observation platform, could provide valuable
military intelligence as well aassist insearch and rescue operatioSsich a robot
could also be used for unmanned sweeps of hostile anebserve as a platform for
carryingfirearms and exposives In terms of civilian use, the robot could be used in
construction to signal back the progress or state of various operations being
implementecht dangerously high levels.

Thereare severalypes of robotsvith the capabilityto climb on varioussurfaces. By
using adhesive whe#tgs for locomotion, the MirWhegs[1], a small quadruped
robot, is able to climb on smooth vertical surfacHse Stickybot[2] robot imitates
the locomotion of a lizar@nd canclimb on flat and smooth walls. It climbs using
directional dry adhesive ottsi specially designed leg$here are rany more waH
climbing robots usig adhesive methodsuch as th&eckobot[3], Waalbot[4] anda
miniature robotthat usesa biomimeticadhesive[5]. Unlike adhesiveattachment
method, the Clarifying Climber 11[[6] robot which usesvortex technologyandthe
climbing robot[7] which uses Bernoulli effechave the advantagd adhesion force
largely independent of the type of material and surface condititmsever, during
the entire climbing proces#he robots consumeso much energy thatheir time of
operation islimited. Other climbing robots using suction are the ROBICHHI,
NINJA-II [9], ROBIN [10], a climbing robot for inspecting nuclear power pldtd,

a robot using trackeavheel mechanismvith suction padg12] andtwo other four
limbed robots with suction pads attacH&8],[14]. The suctionmethod has problem
of unreliablesealingwhen climbing on uneven surfacédoreover,suction method
demandshigh energy consumption while attachédagnetic attachment is another
climbing method used by several robots suchl&$ [16], [17] and[18] which uses
permanentmagnetic wheels or tracks. The robot described[if] has and
electromagnetic feefor high grasping force angermanent mgnetic feet ensuring
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safety in case of power break down. Magnetic robots have advantage of high climbing
payloads. However, they are limited for climbing on only ferromagnetic wittis.
LEMUR 1l [20] can autonomously climb on vertical rddikke surfaces using four
limbs. LEMUR climbs on a rock climbing training walvhere the foothold locations

are constrained to a set of discrete poifitee RISE[21] mimics a movement of six
legged insectsThe RISE robot uses compliant microspines on its feet for reliable
attachment to rougburfaces. HoweveRise uses lzout 20 (three motors in each of
the six legs, one in the middle and one at the tail) mdtonnaneuvering over large
obstacles.On the other handCLIBO has a structure which provides high
maneuverability and ability tdransfer (although not implementke yet) betveen
angled surfaceasing only 16 mototsAnother robot which is used for climbiran

rough surfaces is the ROGR2]. ROCR isa pendular twdink, seial chain robot that
utilizes alternating handholds and an actuated tail to propel itself upward in a
climbing stylederived fromobservatios of human climbersThese all mentioned
robots have problems such as incapability to climb rough surfaces, laeggye
consumption and maneuvering limitatio®pposed to these robots, CLIBQlesign

and motion planning enables it to climb andneuveion problematic surfaceand to
remainstaticfor a long period of time.

Figurel: CLIBO prototype climbing a wall

Thefirst part ofthis paperpresents aeview of the consideration in theobots design
that led to its kinematic structurdn the second panve review the mathematical
model of the robot, describing the kinematics atadic model derived from its design.
In Section 3we discussa motion-planning algorithnmbased on grip quality meassare
and robot kinematicsSection 4 presents the implementatminthe design andhe
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motion planning algorithmWe alsopresentherethe prototype robot that has been
built and discuss variousvall-climbing experimentghat were carried out with the
prototype.

2. Robot Design andAnalysis

In order to achieve a working robot capable of climbing rough surf&id&0's
structure was delopedin such a way that when activated it woudmic a rock
climbing techniqueof climbing using four limbs This sectionreviews the robots
design, its physical structure and the kinematic and stetdels

2.1Robot Design

Therobot consists of faulegswhich arearranged symmetrically around the rdbot
central body Each leghas five-degreesof-freedom (DOF).Figure 2 describes the
designof a leg.Fourof theDOFs ae motorized and the fiffwhichis in the griping
devicemountedon the tip of the leg,is apassiveDOF. The first two DOFs, whose
axes ae perpendicular to the wall, enable the robot to move forward. These two DOFs
are also responsible for controlling the attachment of the claws to théeyalilling

the endeffectos (EE), described belowgown toward the floor and checking the
reaction brces The two remaining motorized DGRvhose axes are parallito the
wall's planeare designedfor determiningthe distance of the robot from the wall
(Motor 3)and the angular constraint for tB& (Motor 4).

x-axis rotation of
actuator4.

x-axis rotation of
actuator 3.

z-axis rotation of
actuator 2.

z-axis rotation of
actuator 1.

Figure2: Theleg's active 4 DOF structure.

This design of the leg provides the robwith good gait capabilityThe first two
motors in each leg drive the robot's movema@ifier the attachment of the hooksd

upon determination of the distance from the wall (by meoBand 4) of every leg, the
robot's movement is made by the first two motors in each leg. This movement is
similar to the movement abck-climberswho usetheir fingersto graspcracks in a

rock faceand activat their shoulder and elbow muscles to advafde structure of

the robot allows it to movim any desired directio(8 660 by just moving 8 of its 16
motors.Furthermore, the robot can change its distance from thebyatktendng its

legs to lower or mise itself in relation to the wall's surfaaecording to the surface



condition. Consequently, this leg design has the advantage of decoupling motion in
plane (parallel to the wall) and normal to the plane

An alternative leg configuration was examin€xhe in which the first DOF's axis is
perpendicular to the surface and the other 3 DOF's axis are parallel to the wall's
surface. Such configuration gives advantage climbing payload andlateral
movement. Howeverthis configurationbound the robotto operate all 4 motors
while advancingMoreover, due to the motors arrangement, the robots center of mass
is shifted away from the wall and therefore acting to detach it.

Four actuators per leg were assembled &ilEE at the tip of every leg. ThEE
gripping device Figure3), whichimitatesthe way cats hold objects surfaces when
climbing, is a unique device designed especially for the tsbonbvement. Each
device consising of 12 fishing hooks from nickel andligned on amluminumbody,

is capable of grasping cracks in the wall and holding up to 2 kg of weight. The hooks
are connected to tr@uminumbody by a thimylon string. A small piece boxformed

epoxy glues the hoakto the stringBetween the hooks are guidiaat preverdgthem

from becoming entangled one with anothed limits theepoxypiece to one passive
compliantDOF. In other words, the hook is not able to move laterally dwist It

can only move in the direction of the wall, back and forwksgeriments done on a
series of hooks trying to grip simultaneously have shown that the hooks constrained to
each other interfere and lack of gripping abilifhis arrangemergrovideseach hook

with an independent gripping capability. Tepping device is designed suchway

that the hooks areotatedat a2 0 ¢  @nnejatioato a wall's plane. Such rotation
prevents thgrippingdevices body fromcolliding with the wall.

balancing
weight

Figure3: A scheme of the gripping device (left) and its cresstion (right).

We can roughly confine the parameters of a stucco wall for which the robot can climb

on according to the claws geometry and its constraints on thByEgtirfacecommon

definitions described 23], we can characterize the amplitude parameters of the

surface based on deviation of the roughnesgilprfrom the mean lineThe RMS
roughnes&y of t he surface been cl i mbevydof83s 141 ¢
e m. Wi t h t he tested cl aws —u(Egard 4) afn d wi t h
approximately 45° of the claws, the assumed minimum value of the surface normal
angle— with respect to a horizontal line is about 40°. With these parameters, there
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is a high probhility of engaging at least a few asperities per centimeter of stroke.
These parameters can be improved by replacing the claws with more smaller and
sharp ones, while compromising with payload.

Claw approach
vector

Figure4: Angle parameters for éhsurface texture.

Since all the legs are fixdd the wall,the orientation of the legs must changeles t
robot movests cental body. The hooks attach to the wall aac¢thange irorientation

will applytorqueon the gripping device about the axis perpendicular to the wall. This
torguecan caus¢he leg todisengage from the wall. In order to prevent this, a passive
DOF was added to the gripping devicaxis. Thus, the gripping device is attached to
the leg bytwo miniature bearingreating al DOF axis. A small balancing weight
was added to the gripping device in order to keep it horizastal approackd the

wall seekingo attachitself.

2.2Kinematics

The first step indesigningthe robos motionwasto analyzeits kinematics. Thus a
systematially analytial methodwasneededor acquiringthe robot'sorientation data
based onhepositionfeedback®btainedfrom the servo motors.

221 Direct Kinematics

The use of direct kinematicaakes it possibléo pinpoint the position of the leg BE

as a function of the leg joint angles. Based on the joint angles, the EE psosatiobe
calculated in relation to the global frame. In order to analyze the kinematics, a set of
frames is attached to the systdfig(re5). The robot moves relative terameW, the

global frame FrameO, positioned on the robot's central bolgers its parallelism to
frame W. FrameB is fixed to the robds central body FramelL, fixed on the first
motor of every leg keeps its parallelism thameB. Frames (i=1,2,3,4) are frames
placed onmotor i's axisand rotates with it. It is assumed that the rabotes in a
planeparallel tothe wall.

Sinceall legs are similgralthough in a mirror view, the position of the EE is first
located in relation to the position of the first motauheL). It is then transformed
into thecentral bodyframeB. When the leg is fully stretchesideways, all the angles
are set to zero.
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Figure5: Coordinate frames attached to a leg.

Let frame 4 be theEE frame The vectomy which expresses the position of the EE
position atframelL is:

n=A & ADA © (1)
Where A’ is a homogenous transformation matrix frérmmei to framej, » is the
position of the EE related foame4.

Hence, the EE position with respect to tteanelL.:

& sin(g, +)gk,cof ,q +)aLycof ) &g sif Lo

rL :$ZOS(C71 +Q€|—4 CO$ 3q +4) QLj‘ CO@ 3) ¢-2+@ C((B J) L 1q (2)

2 Lysin(gs) +L,cof g + .4
Wherel, is the length of the i'th linkg is the angle between linkl and linki.
As there are four legs mirrored at each side, then for everylegmapped tdrame
B and is expressed filye vectorpy:

e =A; 1Q (3)



A° is thehomogenougransformation matrix frorframelL to frameB whererotatiors
by / g, aroundx axis and by 5, aroundy axisaremade. Each légconstants/ ., and
/ s, » aregiven by the position of the leg around tentral bodyand carbe either0 ¢
or 180e¢.

We useframe B to represent the position of the I&dgs in relation to the current
central bodyposition of the robot. However, because the legs are simildhealegs
movementwill be controlledin frameL by the same global function.

2.2.2 Inverse Kinematics

To position the EE at a desiréacation we usethe inverse kinematicglK) which
defines the legs matching anglesThis meanghat acertain configurationwvould give
the desired position of the leg EHhe IK is used for a single leglative to CLIBO's
centralbody. The IK is used teeach adesired EEs positiom relative to the ceral
body according to thdegs' matchingangles. The orientation of the EE remains
constant due to the balancing weight mentioned previolibly.calculation of the IK

is made withthe assumption that the central b&glprientatiorremains vertical at all
time. This assumption is accurate dueot@ntation anglecorrectionof the central
body which will be madewithin the motion algorithm, asvill be detailed later.
Moreover, the distance of the central bdaym the wallis constrained to the defined
value Z. By construction of the leg, the twlateral joints are responsible for the
distance from the wall and the approach angle of the claws. While the two joints
which are closer to the central base are responsible for the location cbritaet
point in the XY plan.With these constraints amdsumptionsthere are four different

solutions for the desired angles, two fr ¢ and twoforg,, g. Theefore, as we
search fothe sameonfigurationsolution for all legsframe L of every leg idixed as
amirror viewto its neighbor Denoing the positionof the EEas (X,Y)", the inverse

kinematics computed usinghe leg geometrg; is calculated irfframelL. Let variable
E be the projection of thdistance fromframe 2's origin to the EE on the global

framés x-y plane Figure5). Fromthelaw of cosines g, is:
éL:LZ + EZ _(XZ ¥2)

=180 -arccose 4
% o E 4
From the law okines g will be:
Y a Esin(y)
=270 +arctan— -arcs 5
i X SRy X

When the leg is attached to the wall, the distance from theZwvalnains constant.
Therefore, the sum af, and g, which defines the distan& remains constarand is

given by2:s. From
Z=Lsin(g,) +,sin( 4 (6)

From(6), we can extraaf, :

az- L,sin(k)

N/

L (7)
¢

g, = arcsi



Therefore,g, will be:

0= k-, ®
This method is used in reime for determining whathe joint anglesrein order to
position the leg Eg&at a desired positioif©nce he distanc& has beemetermined by
the us€s interface according to environmerhe 4 angles cansubsequentlybe
calculated by (4)8).

2.3Equilibrium analysis

The legs are composed of smart servo motors able to measure torque operating on the
leg joints. Using this feedback we can calculate the force acting on the EE based on
the torque of the joils. The force calculation contains the gravitation force acting at
the links' center of mas$he data from determining the reaction forces acting on the

leg EEsindicates one of two statesalge forces indicatthat thdegs areoverloaatd.

This is dangeous for the robd stability and needto be dealtwith immediately.

Small forces can indicatihat a leg has beatetactedfrom the wall.

Figure6: Forces andobotsDOF parameters.

The configurationparametersectoro_, which consist®of the four joint angles of the
actuatorsg,, .., g, the orientation angle of theentral bodyg, and its global position
q,, d, can be defined as folies:

.
VP:[qW d. ¢ .19 . q; %] ©)
Where g, and d,, (Figure 6) are theposition parameters of the robot related to the

globalframeand are given by
d, /¥ ¥ (10)

let r. be the vector from the origin of the global frame to the Efe EE force
Jacobian wilthenbe:

-1

g, =tg

1-O:On

A
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3 =He (11)

Wy
andthe gravitational forces Jacobian:
JF = % (12)
Wy

— T . . .
wherer, =(r, ol f 2 IS the vector from the origin of the globlahme to the

i'th link center of mass
For each leg,he torquesactingon jointsg,,.., gand on thecentral bodyg,,d,, &

due to the reaction fordfjand the links massisy, are

af, o 8 o 0a 6 0 a 00 & ® 13
Mo =3 B 87 Bo §e n® 278 wmeZa-Cme o fi (I
o F 9 oF 20 F 9 g @

where(f,, f,, f,) arethe force vect@actingon the lets EE.
We have received a vector of torques (andfoneeF,, ):
MTot:(M Fw Mo Ml Mz M3 M4)T (14)

w

whereM,,F,,M, are torquesandforce acting on the&entral body However,thes
parameters have no significaniceour case The other four parameteM,,..,M ,are
the torquesactingon thejoints of thelegs. These parameteere measured bthe
servo motorsTherefore, we obtained four equations:
aMm,(f,. f,. f,.4,)
Mry =%EI ) (19
3\ Ixs Tys 12540
Ri(1.0 1,0 1.0
These four equationsare the torques of theoints which featues four unknown
parameterd,, f,, f,,q,. Theseequationsare solvednumericdly to obtain the contact

force As expected, the solutioshows that the expressions foM,,..,M, are

independenof g,,d,. This means thathe joints torques do not depend on the
position of the robot on the wall.

The control program can now solve these four equations intinealat any given

position of the robgtproviding us withinformationaboutthe forces operating on the
robot. The reaction force analysis gerformedfor one leg at a timel'he analyses are
compared one to another in ordeattalyzethe weightdistribution on the robot's legs

3. Motion Planning

In this section we describe CLIBO's motiptanning algorithm which allows it to
climb vertical roughtexturedwalls. The motion planning is based on the ability of
the motors to measure the applied torgnd therefore to estimate the contact force at
the gripper.CLIBO's control is based on active position control and not on active
force control. This way, torques and force equilibrium are obtained passively. Active
force control is not feasible with ohardware, due to torque error readings from the
actuatoranternal torque sens@ndactive force control under such errors may cause
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loss ofstability. Therefore, equilibrium is not checkddstead,applied torques and
contact forces are calculatednstantly for each leg separatdlyringthe motion.The

main assumption of the robots' motion is that a leg will keep trying to get a grab on
the wall and eventually succedtisucceeding to grab only after multiple tries, there
can be someentral bodyconfigurations whichwill not be feasible There is no a
priori knowledge of the surfadexture hencethis assumption is inevitable.

3.1Locomotion Principle

The principle of CLIBO's locomotion isbased orthe motion of the centralbody
alonga given path.The path for the central body is predefined by the user prior to
climb. There is no prior knowledge of tlsirface tobe climbed other than its
perpendicularity therefore, the footholds position are decidedlio& while
climbing.

The path given by the useprior to climbis discretized into small segmenighe
robot movs its centralbodytowards a temporary position in a segment of its path
while searching for opportunitigs mowe its legs.Figure7 shows the flow chart of
the locomotion algorithm

Discrete segment As,
[ divided into small
segments d.

!

Move robots central P Yes
body by 8.

Next As;

Forleg i (i=1..4)read | No - Next leg
joint torque.

Finishedall legs?

A

Small legs
h 4 orientation moves
to decrease load.

Calculate EE position
and forces.

Move leg to next
possible position.

alse

False i
overloaded

Figure7: Flow chart for the robots movemealgjorithm.

Check

Small
force on
leg

-

The robot receiveBom ahigher level plannea path orthe wall. We wish to move

the robot'scentral bodyalongthe given parametric patls (:41) 5 , where the
parametef N 1w is such that theois maximal at the end of the pattet w "be
a path increment in the robot's path is a step of the body ceéviediscretize the

path intoQ — elements.Hence, thek™ discrete point alonghe path is

i "Y " . Denotesd i i asa discrete path elememtherei
Y Q p 3" . Everyincrementis thensubdivided into smaller segmentsith
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lengthl to beexecuted by body movementdence, every increment in the robots
path is apgstep divided into smallet, substeps conducted by body movements.

For everyincrementqgs, the central bodyof the robotmoves in U steps alonghe
linear line created by the start atite end of theincrement The motion of the
central body is done by leaving the contact points in their current location and
moving the centrabody in a coordinated fashion using the closed chain kinematics.
After every substep U, torque and anglerre measuredat the actuators. &lng
inverse kinematics and static analyS&¢tion 2 we obtainthe robos EE positions
andtheforcesthatacton them.

The motionplanning algorithm is a reactive algorithm which continuously checks
for the following fourstates In eachstatethe robot reactslifferently. The robot
takesanaction if one of the legs is releas@tiatel); a leds EE is positioned out of

its allowed space(state?2); a legload is too low (state3); or a leg is overloaded
(stated). If none of thesetates occurghe robotmoves its central bodyo the next
substep repeatedly perforing this 4-statecheck at every instanc&his process
continues until the robotreacheshe end of the presemcrementgs. The four
statesare arranged in a critical order, the most critical conditieimgcheckedirst.
Therefore if statel (leg disengagemenis true, itis corrected before the other
statesare checked.

As noted four statesareroutinely-checkedo determine the statud thelegs.State

1 is associatedvith the possibility ofdisengaginghe gripping device from the wall.
If such an event occurspnly small gravitationalforceswould act on the devige
resulting ina measuremendf smalltorques athe actuatorsif this is the case, the
robotwould search fora new gripping poinbn the wallatthe next possible position.
The"next possible positidnis a point withinaleg's allowedspacdocatedalongthe
legs path vectort-or every position of the leg, a legath vector is defined, starting
from its current positiomndpointing to its final position. Its final position will ket
the end point of the current segmesi shifted to the lelg anticipated point next to
its central body(the central bodyposition will be in the end point dfe currents).

State2 relates tahe position of the legs after the movement ofdietral bodyThe
central body'snovement toward its destination will increase the distance fham
point to someof the leg EEsandwill decreasd¢he distancen the othersin other
words,the legs need to kedvancedn the path directiorduring thecentral bodis U
steps Therefore an allowed spaceor eachleg is defined. Theallowed space
specifies an area related to tleentral bodyin sucha way thatif the legis located
outsideof this areaan actiorshouldbe taken to move the leg into aowed space
alongthe legs path vectorTherefore because the allowed space is related to the
central bodythe movements othe central bodywould move the allowed space
relative to the leg andiould definitely cause he legto exitit, thus forcingthe robot
to advancehelegsin thedirection of themovementLeg advancemerandallowed
spacedefinition aredescribed in mordetailin subsection 3.2

Relocating thecentral bodymoves the robos center ofmassalong the path
direction, resulting ira changeof contactforce distribution. Small forces acting on
one leg or morenay causethem to be ineffectiveMoreover,small forces on some
legs can cause extrenand unwantedlarge forces on the other Due to these
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reasonsit is essential teheckstates 3 and 4.State4 is associated witl situation
where a legsupportstoo large a force Because actuators hawaelimited torque,
overload on the leg is being checked per actudiioereforethe condition oftate4

is to checkwhether atorque at each le(s actuators is largethan a predefined
maximaltorqueTmax In Stateof overload in an actuator, the robot meis central
bodyaway from the overloaded leg very small steps to revise the kegrientation
and balancdhe torques of thectuators As opposed tcstate4, in state3 it is
necessary taheckif the force of thdeg actingon its EEis smallerthana defined
force Fmin. In suchacase, the robot wikhdvancehe leg to the next possible position
toward the end of the current segmest

3.2Leg Motion-Planning Algorithm

The basic principle aihovinglegi is by calculating the next possible position of the
leg with consideration of the rob®progress directioalongthe path As described
at subsection 3.1, the leg hassidefined allowed spac@-igure 8). The allowed
space is relative to the central base and its origin is definge asigin offrameB.
We defineRyax as the radius of the allowed zone and is calculateg) as the
longest possibléength € is defined and constant while tbestancerom the wallZ

is fixed) of a leg inx-y plane divided bysF. SFis a predefined safety factor used to
prevent straitening of the leg.

Ruoc = (19

Therefore Rnax definesymax andxmax Of the legs EEymin andxmyn areconstants and
defined by the physicaliorkspaceof the leg.From the origin, twaguidelines are
drawn to thentersection of the arc created By.xand the minimum limitsygin and
Xmin) Creating points andb. This geometrygenerates 5 zones. The allowed zone is
zone VI. After the movement of the central bothg position of the leg is checked
and if it exceeds zone \Mhe leg will be moved to the next possible location within
the allowed zone VIThe next position will be determinestcording to its final
destination for the current incremapts Thesecoordinates are then processed such
that the next leg's position will be in that direction but in the leg's defined allowed
space. Meaning, if the next leglesiredposition (Xeg , Yieg) IS in zone V, it will be
corrected and repositioned on the paiRgg , Yieg) On the arc (created bigmay
intersecting with the movement pathif the next leg'sdesiredposition is in zone |

or zone Il it will be correctednd repositioned opoint a or b, respectively. If the
next desiredpositionis in zone lll, only thexey coordinate will be changed to be
Xmin. The same for zone 1V, only tlygy coordinate will be changed to ggin.

14



yl]l ax )

max

ymin.

. X
min max B

Figure8: Allowed arean the wall plam for the robots fodtold location

Let P Xody  GM bethe position of theentral bodyrelative to the beginning of the
CUITeNtO®, Xeq noay Yieg non PE the position of the leig the end point of the current
segmentgsg shifted to the legs anticipated point next to aentralbody. Fee IS

minimum force acting on the EE indicating the freeing of the leg. Algorithm 1 is a
sequence of actions that moves theilegE from its current position to the desired

POSItION Xeg hoay Yieg boar ZegnoayiS @ Predefined constant calculated according to the

defined distance from the wall Firstthe robot will detach the claws from the wall
by moving itin y, direction (toward the skywith predefineddistanced. Then it

will measure the torques on the st and calculate the contact force on the leg
Flég. If the force is smallethanFse, the leg idree;else it will repeat the movement

in distanced and check the forces agaibx, ) are the projections of curregig
on x,y axis. The distance left for the central body to reach the endpef
Dx- B ¥ Vigyrepresented ientral bodyframe (frameB) are transformed

using the homogenous transformation maffx form frame B to frame L. R is
given by:

%05(/ By) 0 - Sir( /By) gl
Ri=e 0 1 0 & cofjn) -sihjs) (D)
Bin(/,) 0 cofjp,) & sinl :
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Figure9: lllustration of the legs motion algorithm. From left to right: (1) Initial position. (2) The robot
releases its upper left leg from the wall. (3) The leg is repositiondfteonall. (4) The robot moves its
central body in direction of progress (dowght).

The anticipatel positionof the leg in the end of the curremtg is addedo the legs
relative position to the central body. We calculated the vector from the legs current
position to the legs desired position in the end of the cugmgexpressed in the
legsframe Therefore, the final position of the leg be checked to ktberallowed
space, if not it will be corrected to it as described previously.

Algorithm 1 Leg'smotion planning algorithm

Input: Legi to be moved anthe desired position of tHeg X, yoa, Yieg boa:
Output: Movement of leg to the nearest possible positiorthe desired position
1: LetFyee, d= predefined Ry, =0,
2: While |:|‘egl > F, . do/*while legi is still connected.

3: Move leg iny, direction with distance. /*disconnectlaws from wall.
4: Measure motors torques.
5. Calculaté,
6

leg *
: End while

AXey 08Xegposy O D3 - B,

7 Calculate:@leg %glleg,body 8""R|§ Dz' ooy + Zeg = Feg body ®sigr
®, 0® 0 17

8 1f (Xeg < Xuin)

9:  SetXe, = X, /* the desired coordinates are in zone |ll.

1

o

: If (yleg < ymin)
11 SetY,ey = Ymin/* the desired coordinates are in zone IV.

12: 1 (Xog? + Vieg' “Roa’)

a )
13 If & leg 2 ){max Qeg 0 ylmax \’ Rzmax XZmﬁ1
C min -
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14:  SetXg, =Xpn, and Y, 5/R... - X, /* desired coordinates are in zone |.
a .0

15 Elselfgy, 62 8, 6 X Rom Yo
g -

X

max

16:  Sety, = Ymn and %o, 3R i - Yoo /* desired coordinates are in zone |I.

2
17: Elseset ratio = % YXeg g @O, Yo, Y5 ratic.
)Qeg +y|eg

/* desired coordinates are in zone V.

18: Grip legi'sclawsin position(>qeg Yieg z|eg)T

The gripping of the claws isbeing made in a series of action®t F,,, be the

minimum force acting on the leg indicatirmgsuccessfulgrip. First, torques are
decreased and redefined to the actuators to prevelgsinadforces pushing the
robotin unwanted directionsThen, the leg is being moved to the despedition

(x|eg yleg)T calculated in algorithm .JAt this location, the robot willmoveits leg

toward the wallto z.,coordinate)while checkingcontactforcesactingon the leg.

When large forceacton the legn iz direction(normal to the wall)indication of
contact with the wall is attained:hen using inverse kinematics, the robot will
move his legn directionto the floor It will keepdoing so until the forces on the leg

will be greaterthan F ., (successfulgrip) or until the legwill passa predefined
distanceindicating failure togrip. If failure to grasp the desired poixt, Y,

occurs, he robot keeptrying to grip points on a spiral path around,, y,.,until it

succeedsWe assumehe leg eventually succeeds graspiligt succeedto grasp
after multipletrials, the grasping positiomaybe far fromthe desiredone Thismay
causea specialleg configurationwhich may prevent the robot from advancing.
However,as mentioned, there is no a priori knowledgethe texturef the surface
hencesuch assumption is inevitable.

4. Implementation and Experimental results

Forimplementingthe model presenteabove, we usedhe BIOLOID robotic kit[24].

16 AX-12+ Dynamixel actuators weresed These actuators are modular B&rvo
motors containing builtin controlles, drivers, communication protocsl and
reduction gea When supplied recomended voltage of 9.6V, the maximum actuator
torque is 16.5 kgf-cnand the maximum angular velocity34 rpm Actuator angle
and speed can be controlled in a 188 resolution. The builh controller is able to
measureactuator angle, speed and taeq This feedbackapabilityis essential for
implementingthe algorithm.The robots overall length when nonoperational and fully
stretched is 750 mnWith an external power sour¢céhe CLIBO prototypaveighs2

kg, which makes it very compact and easy aorg. Table 1 summarizes the robots
physical properties and other specifications.
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The payload of CLIBO is derived from the ability of the actuators and the holding
limit of the grippers.Each gripper is capable of holding up to 2 kg of weight.
However, According to thequilibrium analysis described in section 2.3 and the
maximum torque of the actuators, each leg can hold up to 1.&Heayefore, the
payload of CLIBQis about5 kg, presuminghatat least three legs aréached to the
wall atany giventime. In practice we believe this estimation is too optimistic, and the
actual payload would be of aboukgd. However, payloadarrying capabilitiesvere

not experimentallyerified at this stage.

Weight (unloaded) 2 kg
Overall length 0.75m
Payload 2 kg
Climbing velocity 12 cm/min
Actuators torque limit 16.5 kgf-cm
Actuatorsmax angular speed 51 rpm
Voltage 9.6V

Table 1i CLIBO physical properties and specifications.

Because this robot is a prototype for the proof of concept, at this stage the control of
the robot was made effoard on a PC. Moreover, an external power supply was wired
to CLIBO. With the USB2Dynamixel component, whighovides the possibility of
commuricating with the actuatorsisinga laptopcomputer, wavereable to program

the kinematics anequilibrium equations and thpresentedocomotion algorithm.
Using MATLAB we wrote a communication progratimat makes it possibléo read

and write data packagéo the AX-12 actuatorsMATLAB programming was used to
write code for the implementation of the locomotion algoritl@hIBO is controlled

by a graphical user interfac&igure 14 that gives the user an ability tmput the
desired path. lis alsoused to control certain arguments suchZagobot's distance
from the wall), speed of the robot and the robot's position.
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Figure10: Central body motion in iangular pathduration time of 31 sec

Figurell: Reposition of the uppeight leg duration time of 66 sec
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