Walking and Climbing Robot for Locomotion in 3D Environment
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Abstract: One of the traditional problems of the walking robot moving in 3D environment is how to
negotiate the boundary of two plain surfaces, which may be convex or concave. In this paper the
planning method in the transition region of the boundary is proposed in terms of geometrical view. In
each case such as concave and convex, the trajectory that robot moves along has to be determined and
the foot positions of the robot associated with the trajectory has to be estimated. The trajectory of the
body is derived from the geometrical analysis of the relationship between the robot and the
environment. And the position of each foot is estimated by using parameter associated with the hip
and the ankle of the robot. The validity of the proposed method is demonstrated through simulations
and experiments are performed in the concave and convex environments with limited slope angle.
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1. INTRODUCTION

Up to now, applications of robots have been
continuously discussed in the inspection of industrial
utilities such as nuclear plants, oil refinery, chemical
plants, buildings, bridges, etc. The tasks for the
applications, in general, accompany hazardous
working environments as well as difficulties in
accessibility. The walking robot can be suggested as
one of solutions to cope with these situations and it is
required to possess the capability of traveling in
three-dimensional environments, different from the
general types of walking robots as shown in Fig. 1.
Though the environments are composed of primitive
geometrical shapes, the robot basically should be
able to move such as ground to wall, wall to wall and
wall to ceiling, etc. Thus the robot is strongly
demanded to walk as well climb on the wall with a
special adhesion tools such as suction, magnetic foot
etc. and a dedicated gait planning method to move on
the environment.

Many researches have been studied on this subject up
to now. Hirose et al. have addressed algorithms that
generate trajectories of a body and foot positions in
the horizontal plain and efficient gait planning
algorithm that can be applied to walking on the slope
and the wall considering the effect of gravity [1-5].
Shaoping et al. have proposed the algorithm to
generate free gait combined with the trajectory of the
body in three-dimensional terrain [6-8]. Mohammed
et al. have studied a walking algorithm and the
mechanism of the robot to walk in the general terrain
consisting of horizontal, inclined and vertical plain
[9]. Alsalam et al. have studied transition gait from
the horizontal plain to the vertical one [10]. Junmin
et al. have proposed a transition gait to walk from
one slope to another slope and proposed a method of
estimation  for the turning angle of the body

[11][12].

As one of the comprehensive work for the movement
in the three-dimensional environment, we propose a
gait planning algorithm for the transition movement
crossing the slope boundary in this paper. In this
work it is addressed how to generate appropriate
trajectories of the body for moving on the concave
and convex slope, and the method of determining the
positions of feet in accordance with the movement of
the body. Simulations are carried out for hill with
concave and convex boundary to prove the validity
of the proposed algorithm and experiment is
performed with a wall climbing robot -called
MRWALLSPECT III [13].

Fig. 1. Navigation in three-dimensional environment

2. MODELS OF ROBOT AND
ENVIRONMENT

As depicted in Fig. 2, the leg consists of three links
L, L,, L; and passive joint ankle with yaw, pitch, roll.



Fig. 2. Leg Structure

The height of foot is /4, and the position of foot is

determined by controlling ankle position in Xy which
is leg frame. Therefore the workspace described in
Fig. 2 expresses the area that ankle can reach in zx

plain of S;. The workspace is expressed as

(\/x2+y2 —Ll)2+z2 =Y? (1)

where U is distance between leg joint 2 and ankle and
x, y and z are coordinate values of ankle in Sy.

Fig. 3. Robot structure

The Fig. 3 shows robot structure that its frame Sp
which is located in the middle of rear hip joints and
the center of front body is F. The length of robot
body is X;and the width of front body and rear body
is Yyand Y, respectively. The pose shown in Fig. 3 is
basic form that robot repeats every gait in plain. Two
parameters of the basic form, U of each leg and the

distance & between Op which is origin of Sp and
plain which ankle is in contact with are utilized as
reference values in transition gait. The transformation
matrix from Sp to S;; (i=1,2,3,4 leg number) is
expressed as

100 X, 1 00 X,
1,010£ Bo-10—£
ul = 2 ol = 2
001 0 00 1 0
00 0 1 00 0 1
(-1 0 0 0 -1 0 0
Y,

L‘§T=0 10; L’iT=0 —10—3'
01 0 0 0 1 0

[0 0 0 1 0 0 0 1

Three-dimensional environment consists of plains
which are angled each other. This is slope
environment including convex, concave, wall and
cliff. To simplify problem, the case that the direction
of robot is perpendicular to slope boundary is
considered. Let P, be first plain that the robot is
present in and P, be second plain that robot will
moves on. In transition gait, P, and P, are
expressed as

[1,, :xsiny, +zcosy, =1, 3)
[1,, :xsiny, +zcosy, =n,, 4)

where g; and g, are inclined angles of P, and
P, in Sp respectively, hjs and h,s are oriented
distance from Sp to I, and I, respectively. I, and
I, are plains that the foot of robot contacts directly.
As the position of foot is determined by controlling
ankle position, the plain that moves parallel by foot
height 4,is more useful in gait controlling. I, and I'l,
are the plains that moves parallel by 4, from IT;,
and I, respectively and expressed as

I1, :xsiny, +zcosy, =7, &)
[L, : xsiny, +zcosy, =7, (6)

where 7);and 7), are obtained by adding 7),,and 775
respectively.

3. GAIT ALGORITHM

In transition of slope boundary region, gait planning
is constructed with two part. One is determining Sy
which is next Sp after one gait and the other is
determining foot positions. Sy is obtained by
applying ¢, to body trajectory and 7, is moving
quantity of body. After obtaining Sy, foot positions
can be determined by applying U of basic form in Sy.
In transition of slope boundary region, foot position
is not repeated in Sp after gait, but U of each leg is
same in Sp after gait. This gives consistency to gait
during transition.

3.1 Body Trajectory and Movement

Body trajectory is classified into two kind of
trajectory. One is concave trajectory, the other is
convex trajectory. Both concave and convex
trajectories are constructed with lines and arc. Lines
are determined by applying 0 to y-axis value in P
(==1,2 plain number) which is moved parallel by &
from P;, along z-axis in Sp. Py, and Py, are



expressed as
I, :xsiny, +zcosy,=n,+h  (7)
I1,, :xsiny, +zcosy, =n,+h (8)

The radius of arc is determined by v, h, d. 7 is

oriented angle of slope about y-axis in Sp and d is
marginal distance between ankle and boundary line
of IT; and IT, when the transition gait is started or
completed. The relation of vy, ¥, and 7 is follow:

Y=Y—"h (9)

Eq. (10) and (11) describe radius R of the arc of
body trajectory in concave and convex slope
respectively. Fig. 4 and Fig. 5 show the body
trajectory of concave and convex slope respectively.
Py is the start point of transition gait and Py is end
point of transition gait. The beginning condition of
transition gait is the coincidence of Fzand Pg and the
completion condition of transition is the coincidence
of Op and Pg.

R= d —h (10)
tan s

R= +h (11)
tanZ
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Fig. 4. Body trajectory for concave slope
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Fig. 5. Body trajectory for convex slope

In concave transition gait, situation is classified into
four cases when Oy and F3 moves along body
trajectory. As shown in Fig. 6, case I is the situation
that Op is on Py, and F} is on the arc. The position of
Oy which is the origin of Sy is determined by Eq.
(12). If Il Pg Il is less than ¢,, Py is Oy. Fy that is the

center of front body in Sy is determined whether on
P,

Fig. 6. Case I of concave transition

the arc or Py, by comparing Il Pz~ Oyl with Xg
When Il Pz— Oyl is bigger than X, F on the arc is
estimated by the condition of Eq. (13) or as shown in
case II of Fig. 7, Fy on P,, is estimated by the
condition of Eq. (14).

0, =t (12)
B
|Fy - P = R
"FN_ONH_Xf (13)
F,n,, =n+h
"FN_ON":Xf (14)
where ny, is normal vector of Py,

n,, =[siny, 0 cosy,] .
IDR,\
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Fig. 7. Case II of concave transition

HR that is the orientation angle of Sy is the rotation

angle about y-axis and estimated by Eq. (15).

6 =atan2(F, ~0,) i, (F,~0,)-b~7 (1)
where 7= [1 0 0]T and k= [0 0 I]T
In the case III and case IV, Oy is determined by
being moved from Op with ¢, along the arc. If the arc

length from Op to Pg is less than #,, Oy is Pz The
position vector Oy is estimated by being rotated from



Fig. 9. Case III of concave transition

Op with ep of Eq. (16) centering around P; which

is the position vector of Pg. The result is found in Eq.

(17).
g -l 16

=R (16)

O, =P, +R,(0,)(-F;) (17)

where Ry( Hp ) is the rotation matrix about y-axis.

As B, is equal to Op in the case III, Fy is
estimated by adding X f; rotated by R{(6,) to Oy
as shown in Eq. (18).

F,=0,+X,-R,(6,) (18)

(19)
where R is of Eq. (11)

Fig. 10. Case IV of concave transition

In the case IV, Fy is found in Eq. (14) and 6, 1is

found in Eq. (15). In the convex transition, the case
considered is only one shown in Fig. 10. Oy and Fy
are determined by interior division ratio of X  with
|71 — 6| and [y, — 6| . The interior division point
Pr; is estimated by being moved with ¢, along arc
from Pr; which divides O, F; with || and || ratio

interiorly. ~ The  position  vector Pr  is

T
[X,Z 0 0] and Pp is estimated by being
rotated by 6, of Eq. (19) from Py, centering around

Py which is the position vector of arc center in Eq.
(20). Oy and Fy are found in Eq. (21).

P, =P, +RY(0R)PT1 (20)
where
P, =P, —Rk

0,=F, _@Xf R, (6;) i

F,=0,+X,-R,(6,) i @21)

7

Fig. 11. Case of convex transition

In convex transition gait, the collision between the
bottom of robot body and the boundary edge of
convex slope must be considered. Let B, be the
distance between xy plain of Sp and the bottom of
robot body and #,, be the distance between xy plain of
robot body and the boundary edge of slope, then it is
clear that /,, must be greater than B, in order to avoid
collision. The moment that /,, has minimum value is
shown in Fig. 11. In this moment, || and |/,| are
equal and the workspace of each leg has to have
intersected area with P; (i=1 to rear legs, i=2 to front
legs). A, is found in Eq. (22) and when h is fixed, the
condition is satisfied by adjusting d.

tan e

d d?
hm:R—( 7-th 1+ (22)

3.2 Foot Position

The foot position P on waling plain P which is



inclined by v about y-axis in Sy is determined by
applying U of Fig. 2 in S;. Let Sy be the frame
whose xy plain is coincident with P . The origin of
Sy is located from the origin of Sy by |77W|nw and

its y-axis is parallel with y-axis of S;. Let " P be
the description of P in Syy, then the relation of P and
" P is described in Eq. (23).

P=,T"P (23)
where

o[BG [my[ny
w

000 1
From Eq.~(1), (23) with setting
"z=0, we have the workspace area of leg on Sy
and the result is follow

x4 y? +2L1\/chosy+77W siny =Y’-L’-n,’
(24)

" P is determined by giving "'y which is equal to y
and P is estimated by Eq. (23).

3.3 Synthesis of Body and Foot Position

The foot position P associated with body trajectory is
estimated by following steps. First, " [], which is the

description of P; in Sy is estimated and transformed
to /I, (i=1 for j=3,4 and i=2 for j=1,2)which is
description of "I, each leg frame in Eq. (2). With
applying foot position determination algorithm to
'T1;, 'P,, jth foot position, is determined in S;;. By

Eq. (2), "P, is estimated from ‘P, and finally

. . N .
Pj is found by transforming Pj into Sp.

4. SIMULATION

The proposed algorithm is tested by simulation with
parameters of MRWALLINSPECT 1III. The
simulation is carried out to two case. One is the going
up hill with 35 degree slope and the other is the going
down the hill. In both cases, concave and convex
transition gait are performed sequentially. Fig. 12 and
13 show concave and convex transition of going up
hill respectively. In Side 3 of Fig. 13, it is observed
with attention whether the bottom of robot body
collides with boundary edge of P,which is displayed
as the lower plain. Fig. 14 and 15 show convex and
concave transition of going down hill respectively.
Needless to say, it is observed with attention whether
the bottom of robot body collides with boundary
edge of P, which is displayed as the lower plain in
Side 3 of Fig. 14. Consequently, the bottom of body

and the boundary edge of convex slope are not
collide with by applying condition of %, in Eq. (22).

Side 1 Side 2 Side 3 Side 4
.
Top 1 Top 2 Top 3 Top 4

Fig. 12. Go up concave slope

Side 1 Side 2 Side 3 Side 4
o N
vz ‘ Ny 7 N\

Top 1 Top 2 Top 3 Top 4

Fig. 13. Go up convex slope

Side 1 Side 2 Side 3 Side 4
o N
vz ‘ Ny 7 N\

Top 1 Top 2 Top 3 Top 4

Fig. 14. Go down convex slope

Side 1 Side 2 Side 3 Side 4
N
Top 1 Top 2 Top 3 Top 4

Fig. 15. Go down concave slope
5. EXPERIMENT

In this work, the validity of the proposed algorithms
has been demonstrated through some experiments
using a walking robot, called MRWALLSPECT III
[13]. MRWALLSPECT III had been developed for
walking and climbing in three dimensional
unstructured environment. The climbing over a slope
with concave corner was tested as shown in Fig. 16.
When the robot moves up or down on the slope,
tumbling of the robot and slipping of the legs should
be avoided. However, in the case of the walking
robot with suction pads, these problems may be
neglected because the legs always have adhesive



forces between the ground and the legs. The step 1 of
Fig. 16 shows the approach process for
transition gait in slope environment. In this case, the

—

oL

Step 4 Step 5
Fig. 16. Concave transition gait in 35 degrees slope

slope angle measured was an approximately 35°.
And, the step 2 and step 3 are describe the transition
in concave corner. In the last step, robot climbs the
slope with plain surface using climbing gait.

6. CONCLUSION

In this paper, we proposed the transition gait
algorithm for quadruped robot to negotiate boundary
region between two plains. First we determine body
trajectory in which robot body has to trace and
suggest method to determine foot position associated
with the body trajectory in terms of robot frame. Also,
we explain the possibility condition of convex
transition gait. The proposed algorithm is
simulated successfully. And the experience with
MRWALLSPECT 1III is tested successfully. The
robot movement is smooth during gait. Our
next subject is to define robot moving quantity
associated with workspace of robot leg.

Acknowledgments

The authors are grateful for the support provided by a
grant from the Korea Science & Engineering
Foundation(KOSEF) and the Safety and Structural
Integrity Research Center at the Sung Kyun Kwan
University.

REFERENCES

[1] Shigeo Hirose, Hidekazu Kikuchi and Yoji
Umetani, "The Standard circular gait of a quadruped
walking vehicle", Advanced Robotics, Vol. 1, No. 2,
pp. 143-164, 1986.

[2] Shigeo Hirose, Yasushi Fukuda and Hidekazu
Kikuchi, "The gait control system of a quadruped
walking vehicle", Advanced Robotics, Vol. 1, No. 4,
pp- 289-323, 1986.

[3] Shigeo Hirose and Kazuhito Yokoi, "The standing

posture transformation gait of a quadruped walking
vehicle" Advanced Robotics, Vol. 2, No. 4. pp. 345-
359, 1988.

[4] Keisuke Arikawa and Shigeo Hirose, "Study of
Walking Robot for 3 Dimensional Terrain
(optimization of walking motion based on GDA and
Coupled Drive)", Proc. of IEEE Int. Conf. on
Robotics and Automation, pp. 703-708, 1995.

[5] Hideyuki Tsukagoshi, Shigeo Hirose and Kan
Yoneda, "Maneuvering Operations of the Quadruped
Walking Robot on the Slope", Proc. of IEEE/RSJ Int.
Conf. on Intelligent Robots and Systems, pp. 863-869,
1996.

[6] Shaoping Bai, K. H. Low and Teresa Zielinska,
"Quadruped free gait generation combined with body
trajectory planning", Proc. of the First Workshop on
Robot Motion and Control, pp. 165-170, 1999.

[7] Shaoping Bai and K. H. Low, "Body Trajectory
Generation for Legged Locomotion Systems Using A
Terrain Evaluation Approach", Proc. of IEEE Int.
Conf. on Robotics and Automation, pp. 279-2284,
2001.

[8] Shaoping Bai, K. H. Low and Teo M. Y,
"Path generation of walking machines in 3D terrain",
Proc. of IEEE Int. Conf. on Robotics and
Automation, pp. 2216-2221, 2002.

[9] Mohammed Yassir Al- Zaydi and Shamsudin H.
M. Amin, "Locomotion Simulation of A quadruped
Robot on General Level Terrain", Proc. of IEEE Int.
Conf. on Intelligent Engineering Systems, pp. 159-
164, 1997.

[10] Abd Alsalam Sh. I. Alsalameh, Shamsudin H. M.
Amin and Rosbi Mamat, "Mechanical Design of A
Quadruped Robot for Horizontal Ground to Vertical
Wall Movement", Proc. of TENCON 2000, pp. 213-
217, 2000.

[11] Jummin Pan and Junshi Cheng, "Study of
quadruped walking robot climbing and walking down
slope", Proc. of IEEE/RSJ Int. Conf. on Intelligent
Robots and Systems, pp. 1531-1534, 1991.

[12] Junmin Pan and Junshi Cheng, "Gait Synthesis
For Quadruped Robot Walking Up and Down Slope",
Proc. of IEEE/RSJ Int. Conf. on Intelligent Robots
and Systems, pp. 532-536, 1993.

[13] Tachun Kang, Hyungseok Kim, Taeyoung Son
and Hyoukryeol Choi, '"Design of Quadruped
Walking and Climbing Robot", Proc. of IEEE/RSJ
Intelligent Robots and Systems, pp. 619-624, 2003.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


