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Abstract

In this paper, we investigate the Degree of freedom (DOF), workspace and singularity of a wall climbing hexapod robot. The robot has
two typical working modes, which are the six or three legs attaching on the wall, so robot can be regarded as 6SRRR or 3SRRR parallel
mechanism, respectively. First, the DOF of the robot is analyzed by the screw theory. The result indicates that two configurations of the
robot possess 6-DOF, and the screw theory makes the calculation of the DOF become extremely simple. Moreover, the workspace of the
robot body is studied with constraint equations, which obtains the influence of structural parameters on workspace. After that, a new
simple Jacobian matrix is proposed to analyze the singularity, and obtain the singular configurations of the robot, which greatly simplifies
the calculation of Jacobian matrix of the robot. Finally, by experiments to verify that the singularity analysis method is correct. The sin-
gularity analysis of this paper could be applied for effective control of the robot to avoid singular configurations.
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1. Introduction

For lighting and aesthetic considerations, glass curtain walls
are often used in on high buildings in modem cities. Due to
the perennial exposure in the air, contaminations accumulate
on the glass curtain wall, which needs to be cleaned and main-
tained regularly. At present, cleaning these glass walls is
mainly done manually by cleaners using ropes or hanging
baskets. These cleaners need to work in really hard environ-
ment, with high intensity of labor, at great risk but still low
efficiency. The development of the robot technology provides
a better alternative for the glass wall cleaning to improve the
working environment of workers, and reduce the cost, etc.

The research of wall cleaning robots mainly includes: The
cleaning device, the integration of the robot and the cleaning
device, and the wall climbing robot with attachment and mo-
tion function, which is one of the most critical contents. At
present, the main attachment ways of the wall climbing robot
include: magnetic adhesion [1], adhesion of adhesive materi-
als [2] and vacuum adhesion [3]. Each of these adhesion
mechanisms has advantages and drawbacks. The mechanism
of the magnetic adhesion is simple, but its application is lim-
ited on surfaces of permeability magnetic material. Adhesion
of adhesive materials can be applied to wall surfaces of any
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shape and material, but this method is hard to be applied to
large size robots. Since glass curtain walls are considered as a
cleaning object in this paper. The vacuum adhesion can be
very strong and has wide application potentials in glass curtain
walls, so robot uses vacuum adhesion in this paper. The mo-
tion ways of the wall climbing robot mainly include: Crawler-
type [4], frame type [5], wheeled type [6] and legged type [7].
The crawler-type robots can achieve high movement speed,
but are difficult in terms of changing the movement direction.
The frame type robot’s control and work are simple and con-
venient, but its movements are not continuous and are slow.
The structure of a wheeled type robot is simple and the
movement speed is high, but the obstacle crossing ability is
weak. Legged type robots can be applied on different wall
surfaces, and they have strong obstacle crossing abilities.
Among legged robots, when the robot is walking, the stabil-
ity of hexapod robots is stronger than biped robots and quad-
ruped robots, and the control of hexapod robots is simpler than
the eight legged robots. Osaka University in Japan developed
a hexapod robot called ASTERISK, each leg of which pos-
sessed 4 joints. The robot could climb a vertical ladder by the
hook design at each foot end [8]. Wang [9] investigated mo-
tion performance of a radial symmetrical six-legged robot.
Garcia-Lopez [10] researched trajectory generation in one leg
of a hexapod robot. Zhang [11] analyzed a bionic hexapod
robot for walking on unstructured terrain. In order to develop
a robot to meet these requirements of glass curtain wall clean-
ing, through the above analysis, we use a hexapod robot aided
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by the vacuum adhesion as a carrier for the cleaning devices.

When the wall climbing hexapod robot adheres on a wall, it
can be seen as a parallel mechanism. It has the advantages of
high rigidity, high flexibility, high precision, long service life,
good power performance [12], easy control etc. DOF is an
important research content of mechanisms, because it is the
premise of realizing a motion of a robot. Gan [13] studied
constraint based limb synthesis and mobility change aimed
mechanism construction. Kong [14] investigated 3 DOF
spherical parallel manipulators by screw theory. Dai [15] stud-
ied mobility of an overconstrained parallel mechanism. Bu [16]
analyzed mobility of parallel manipulators based on intersec-
tion of screw manifolds.

For engineering applications, the workspace of the end ac-
tuator is one of the most concerned problems of research,
since it affects the work efficiency to complete the task of the
robot. Many scholars had studied the position of positive and
inverse solutions and workspace of the end actuator of space
parallel mechanisms [17]. For solving the workspace of paral-
lel machines, Wang [18] studied the boundary search algo-
rithm. Gao [19] analyzed the inverse kinematics and work-
space of a metamorphic hand. Agheli [20] presented a general
methodology for solving the closed-form constant orientation
workspace of radially symmetric hexapod robots. Szep [21]
analyzed the workspace of a Delta parallel robot. Maldonado-
Echegoyen [22] studied a 3DOF translational parallel robot
for drilling tasks based on two 5-bar mechanisms with a large
workspace.

During walking, there are problems of singularity in the
workspace of a robot. Once a mechanical system works at a
singular position, its DOF may change, including the number,
type and direction, which may cause the instability of walking
and attachment. The singular configuration of a mechanism
can be obtained by analyzing the condition when the Jacobi's
determinant is equal to zero, which is called matrix method.
Gosselin divided the singular configuration of a parallel
mechanism into three forms: the boundary singularity, the
local singularity and the structure singularity [23]. Merlet ana-
lyzed the singularity of the mechanism by using the Grass-
mann method [24]. Many researchers studied the singularity
of the mechanism with the screw theory [25]. Gan [26] stud-
ied forward displacement of 1CCC-5SPS parallel mechanism
by Grobner theory. Zarkandi [27] analyzed singularity of a
parallel mechanism with three revolute joints and a prismatic
joint. Zhao [28] investigated mobility properties of Schoen-
flies-type parallel manipulator by Jacobian matrix of con-
straint equation.

In this paper, the main contribution is to develop a new wall
climbing hexapod robot, and investigates the DOF, workspace
and singularity of the wall climbing hexapod robot. The paper
is organized as follows. In Sec. 2, the robot has two kinds of
configurations relating to its attachment on a vertical wall with
six or three feet, which can be regarded as a 6SRRR and
3SRRR parallel mechanism, therefore, we investigate the
DOF of the robot by the screw theory, respectively. In Sec. 3,
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Fig. 1. The CAD model of the wall climbing hexapod robot.

the workspaces of these two configurations were analyzed
through constraint equations, obtaining the influence of struc-
ture parameters of leg on workspace. In Sec. 4, the previous
studies of Jacobian matrix of parallel mechanisms, which
mainly reflect the relationship between the output independent
variables and input independent variables. However, solving
process is very complicated. Thus, we present a simple
method to calculate the Jacobi matrix, and obtain the singular
configurations of the robot. In Sec. 5, the experiments are used
to show that the singularity analysis of the robot is correct.
This paper provides a guidance for stable performance control
of the robot climbing on the wall.

2. Mechanism screw system and mobility analysis

In this section, we first design a wall climbing hexapod ro-
bot, the CAD model is shown in Fig. 1. The body frame of the
robot is in a shape of regular octagon and installed with the
communication, control, energy, and other circuit systems and
the cleaning or repairing equipment. The robot is designed
with six legs and each of which consists of four components:
The suction cup, calf, thigh and hip. The suction cup and calf
are connected by a spherical joint; while the calf and the thigh,
the thigh and the hip are connected by revolute joints, which
are parallel to the body. The hip and the body are also con-
nected via a revolute joint, but is perpendicular to the body.
The connection between calf and thigh is defined as Joint 3,
the connection between thigh and hip is defined as Joint 2, the
connection between hip and body is defined as Joint 1. The
suction cup provides a negative pressure, which generates the
adhesive force that makes the robot adhere on the vertical
glass curtain wall. The robot's structure, when climbing on a
vertical wall, stays the same as in the horizontal plane. There-
fore the study of the DOF of the robot in the vertical plane
could be easily performed in the horizontal plane. A mathe-
matical model of the robot frame is shown in Fig. 2 to facili-
tate the expressing of the screw system of the robot. Points of
A, A, A, A,, A, and 4, are the contact point between the
six feet and the wall, and the length of 4, 4, is 2R. Points
of D,D,, D, D,, D, and D, are the connecting point be-
tween the legs and the robot body, and the length of D, D, is
2r. The plane of A4 4, 4, A, 4 4, forms the base plane,
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Fig. 2. The mathematical model of the wall climbing hexapod robot.

while D, D, D, D, D, D, forms the body plane of the robot.
The geometrical center of the regular octagon is defined as
point O, which is the origin of the coordinate system. The
axis of y lies in the direction of 4, 4, ; z is perpendicular
to the plane of Oxy and points from the base to the body
plane of the robot; and x is then defined according to the
right-hand rule together with y and z. 4,(i=12,3,4,5,6)
presents the spherical joint, and B,, C, and D, are revolute
joints. The length of the calf, thigh and hip are L, L, and
L,. The angle of 6,(0°<6, <90°) is defined as the angle
between 4, B, and the projection of 4, B, in Oxy plane;
a,(0°< ¢, £90°) is that between the axis of x and the pro-
jectionof A4 B, inthe Oxy plane; 6,(0°<68,<90°) is that
between line B,C; and the axis of z ; and
0,(0°<0,<180° is the angle between line C,D, and the
axisof z. Theleg A4 B,C, D, isdefined asthe i thleg.
The symbol S is defined as a screw which is a 6 dimen-
sional linear vector space. It can be expressed as following:

S=[S,,rxS,+hS,|=[L,M,N,P,O,R] (1)

where S, =[L, M, N] denotes the unit vector along the
screw axis, rxS,+hS, =[P, O, R] expresses the moment
part of the screw, the vector » denotes any point on the
screw axis, and % is the pitch of the screw. For a revolute
joint, h=0. Its screw can therefore be represented in
S. =[S,, rxS,]. For a prismatic joint, its screw can be repre-
sented as S, =[0, S,]. As to the motion screws, the rotation
about the screw axis is indicated in the first three components,
while the translation along the screw axis is expressed in the
remaining three components. Regarding to the constraint
screws, the force along the screw axis is denoted by the first
three components and the torque in the last three components
[25,29].

The branch motion screw system of each leg was analyzed
based on the mathematical model shown in Fig. 2.
S,(i=1,2,3,4,56; j=1,2,3,4,56) is defined as the
screw of the j th joint in the ith leg. The spherical joints of

each leg consist of §,,S,, and S,,. The revolute joints at

points B,C, and D, generate S,,S, and S,, respec-
tively. In order to simplify the expression, we define the fol-

lowing formula in the full text.

sa, =sinq,
ca, =cosa, )]
n, =sina, +cosq,
g, =L cosf, +L,sinb,
d,=(L;sin6, +L,cosf,)cosq, €©)]
e, =(L;sing, +L,cosb,)sing,
p, =L;sing,;sin(6,, +6,,)

+L,sina, cos(6,, - 6,,) + L,sing, @)
q, =L cosa;sin(6, +6,,)

+ L,cosa, cos(6,—6,)+ L,cosa, .

Here, supposing that the {S,,] is motion-screw system of
the leg i(i=1,2,3,4,5,6), and the form such as {S,}=
{8,885, S, S5, S} Based on the symbols defined

above, the branch motion-screw systems of leg 1 can be ex-
pressed in the coordinate system of O —xyz as following:

S, = (SO!I, -ca,,0,L 56, ca, L 6, sa,

T
L, e]

T
S —[sal, -ca,,0,d, e,,an1 —gl]

2
Sy = (_Cgmcalv —clsa,, s6,,, _gngu + P

T
N2 N2
—Rs0O, — N —Rn b .

2 13 ql 2 1 13 (5)

It can be calculated that, each vector in this screw system
{S,,} is linearly independent. Since the linear correlation of

vector is independent of the choice of the coordinate system,
the screw systems of legs 1, 2, 3, 4, 5 and 6 are all the screw
six-system. It is supposed that {S;}(i=1,2,3,4,5,6) is the

constraint screw system of {S,

bi

}+. According to the reciprocal

. . ) 0o J
product equation, that is {S,}A{S,} =0, where A= {] 0}
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with the identity matrix /. It is obvious that all of these
branch constraint-screw systems {S,} are all screw zero-
system. If {S"} is defined as the platform constraint-screw

systems, then the following equation can then be obtained
6
{S1=248,}. (6)
i=1

The motion-screw of the platform is determined by the re-
ciprocal of the platform constraint-screw system. If {S’} is
defined as the motion-screw of the platform, the reciprocal
product equation {S/}o{S"}=0, since {S’} is a screw
zero-system. It is then can be obtained that {S’} is the screw
six-system.

A conclusion can therefore be drawn that the platform
D, D,D,D,D, D, has 6-DOF. When the six feet of robot ad-
here on the wall, the robot body can achieve three directions
of translation and three directions of rotation along and around
the x, y and z -axis, respectively.

During robot walking with triangle gait on a vertical wall,
the robot lifts its 2nd, 4th and 6th legs simultaneously when
employs the 1st, 3rd and 5th legs to adhere on the wall, and
vice versa. Same analyzing methods as introduced above also
apply for the mobility study in this situation. It can be ob-
tained that the robot body also has 6-DOF when it attaches on
a wall with three legs, meaning that the body can fulfill three
directions of translation and three directions of rotation along
and around the x, y and z -axis, respectively.

In the above, we analyze the DOF of the two special con-
figurations with screw theory. The linear correlation and linear
independence between vectors are independent of the choice
of the different coordinate system, the screw system of each
leg is the screw six-system in the coordinate system O —xyz,
thus, the screw system of each leg is the screw six-system in
any coordinate system. It can be obtained that, no matter
where the robot adheres on a wall with six feet, the robot body
has 6-DOF. In the same way, no matter where the robot ad-
heres on a wall with three feet, the robot body can achieve the
flexible motion with 6-DOF. Namely, the robot body can real-
ize three directions of translation and three directions of rota-
tion in the space no matter where the robot adheres on a wall
with six or three feet. The robot body can achieve the flexible
motion with 6-DOF, and can be used as a carrier platform that

provides motion with 6-DOF to the corresponding mechanism.

3. Analysis of workspace

In the above section, we obtained that the robot body has 6-
DOF, thus explained that the body can realize motion in the
space. Here, we study the workspace of the robot body. The
workspace of the wall climbing hexapod robot influences the
stride length of the robot. When the robot attaches on a wall
with six legs, it can be seen as a 6SRRR parallel mechanism;
while it can be regarded as a 3SRRR parallel mechanism dur-

ing the walking with triangle gait using three legs to adhere on
the wall. The workspaces of the robot for these two working
modes are studied.

The robot is mainly used to clean the vertical glass wall, in
order to ensure the effective cleaning on the wall, the robot
body is required to be parallel to the wall. Therefore, the stud-
ies are limited to the body postures that are parallel to the ver-
tical wall. Next, we study the motion of the robot body along
the x, y and z -axis and rotation around the z -axis, regard-
less of its number of adhering legs (Six or three).

We firstly introduce the workspace of the robot adhering on
the wall with six legs. Since only consider the motion of the
robot body along the x, y and z-axis and rotation around
the z -axis, four independent variables are needed to establish
the constraint equations of the workspace. The (x, y, z) is
used to define the reference point of absolute coordinates of
the geometric center C of the body; while « is the angle
variable. So the transformation matrix from the local to the
absolute coordinate system can be expressed as

cosa —sina 0
R =|sina cosa O0]. @)
0 0 1

It is supposed that the robot body is also in a regular octa-
gon shape with point C as its geometric center.
O, —x.y.z. is the local coordinate system with its coordi-
nate origin at point C ; the axis of y. points in the direction
of D,D,; z. is perpendicular to the plane of O, x.y.
pointing from the base to the body of the robot; and x_. is
defined according to the right-hand rule, as shown in Fig. 2. In
order to make the workspace is not an empty set, we assume
L+L+L+r>R and r+L,<R. In the local coordinate
system, the coordinates of these six vertices of the body are
given as

2 2
DIL [‘7% —77, 0} DZL(O, -, 0),

D* —2r,——2r,0 , Df ﬂr,ﬁr,o , ®)
2 1272

2
DI (0, r, 0), D} [—%r, —%r, OJ .

If Df(xy,y,.2,) is the local coordinates of point
i(i=1,2,3,4,5,6) and D, (x,,y,,z,) is the absolute
coordinates of point i, the following equation can be ob-
tained that

L L _:
X, X x;, X +xp, OSa — yy, sina
L L s L
Yo |Z| Y|+ R | Yy, |=| y+xpsina+y, cosa |. ©)
z L L
zp Zp z+2z,
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In the absolute coordinate system, by operation of vector
addition, the following equation can be established for each
leg

OC =0AC + 4B + BC. . 10)

In order to simplify the expression, we define the following
formula in the full text.

n=sina +cosa

{ . (11)
u=sina —cosa

h =L sin@, +L,cosb,

b, =(L cosé, +L,sind,)cose, (12)

v, =(L,cosé, +L,sind,)sing,

where i=1,2,3,4,5,6.
Through the operation of the coordinates, the following
formula can then be achieved

ocC, = —[QR—QJ, —[QR—VIJ, hl]
2 2
0C, =(b,, —(R-v,), hz)T

T
ocC, = gR+b3, - gR—xg], hsJ

T
R-v, h4]
TC; = (b5b R-v;, hs)T

T
ocC, _[—[gR—bﬁ],gR—vh, hﬁ] .

(13)

Q
]
I
|
=
+
S

By the addition and subtraction of vector, the following
equation can be obtained

0D, = 0C+ CD,
{ , , (14

D, =0D,-0C,.

The constraint equation of leg i(i=1,2,3,4,5,6) can be
obtained in the following form

||C—D||2 I =0. (15)

In order to represent the workspace of the robot, expanding
Eq. (15), the constraint equation can be expressed as

1337
_fl_
e
F(x,y,z,a)= /s (16)
Ji
/s
L/ ]
where
f—[x+gm+gR b] [y—%rn+72R v] +(z—h) - L
fi=(x+rsa—b) +(y—rca+R-v,)’ +(z—h) - L;
fi= (x (ln £R bj [ V2 +—2R v]Jr(z—h])szi
3 B 2 ;
ﬁ:[x—ﬁru—ﬁR—@] +[y+£rn £R+v] +(z-h)-L
2 2 2 2
fi=(x—rsa=b) +(y+rca—R+v) +(z—h) - L,
fs —{x—ngrgR bJ (y —m—TzRJrv] +(z—h) -L.
a7
The workspace of the robot body is indicated as
={(x, y, 2, a|F(x, y, z, &) = 0} (18)

where 0 is a 6x1 matrix. Equation F(x,y, z, «) is the con-
straint equation of the geometric center C of the body.

It can be seen from Eq. (18) that the range of the spherical
center coordinate as well as the workspace of the robot body
increases with L, L, and L,, indicating that the length of
the calf, thigh and hip has a direct impact on the workspace of
the body with an increase function. Fig. 3 shows workspace of
the robot, when L =550 mm, L, =360 mm, L, =150 mm,
r=300mmand R =630mm.

Same analyses also apply to study the workspace of the ro-
bot body when it employs three legs to attach on a wall. An
example situation was chosen for the analyses when legs 1, 3
and 5 are adhering on the wall, while legs 2, 4 and 6 are lift up.
The constraint equation in this situation can be written as

A
Fl(x,y, z, a)z fil- (19)
/s
The workspace of robot body is expressed as
W, —{(x v, Z, a|F(x YV, Z, Q)= O} (20)

where 0 is a 6x1 matrix. Equation F;(x,, z, a) is the con-
straint equation of the geometric center C of the body.

Same as the six-leg adhering situation, the range of the
spherical center coordinate as well as the workspace of the
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Fig. 3. The workspace of the robot using six legs to adhere on the wall:
(a) Nlustrative view; (b) vertical view; (c) front view; (d) left view.

(@) ()

© (d

Fig. 4. The workspace of robot using legs 1,3 and 5 to adhere on the wall:
(a) Nlustrative view; (b) vertical view; (c) front view; (d) left view.

robot body increases with L, L, and L,, showing that the
length of the calf, thigh and hip has a direct impact on the
workspace of the body with an increase function. Fig. 4 illus-
trates workspace of the robot when L =550 mm,
L, =360 mm, L, =150 mm, » =300 mm and R =630 mm,
with legs 1, 3 and 5 attaching on the wall.

By comparing Figs. 3 and 4, it can be seen that the work-
space when the robot adheres on the wall with six legs is
smaller than that with three legs. If A is the workspace of
the attachment situation with six legs and B is that with
three legs, then 4 < B.

Since each leg of the robot consists of three parts of the calf,
thigh and hip, we studied the influence of the length of these
three parts on the range of the workspace. When six legs are
adhering on the wall, we define U,(i=1,2,3,4,5,6) as a

curved surface, as shown in Fig. 4. When L, and L, are
constant values, and L become L +AL, F,(x,y,z)=0
are the surface equation of U,. When L and L, are con-
stant values, L, become L,+AL,, F,(x,y,z)=0 are the
surface equation of U,. When L, and L, are constant val-
ues, and L, grows to L,+AL, F,(x,y,z)=0 are the
surface equation of U,. If AL =AL, =AL,, it can be seen
by the Eq. (12) that variation range of 5, and v, are equal; by
the Eq. (16) that the change range of center and the radius of
each equation in Eq. (18) is equal. Therefore, we can conclude
that F,=F, =F,, indicating that the influence of length
change of the calf, thigh and hip on U, is the same. With re-
gard to three legs of robot absorb on the wall, the same conclu-
sion can be obtained. Through the above analysis, from the
point of view of kinematic, the length change of the calf, thigh
and hip have same effects on the workspaces, respectively.

4. Singularity analysis

The initial configuration of the robot is shown in Fig. 2.
When the robot walks with triangle gait using three legs to
adhere on a wall and three legs swing, it can be seen as a
3SRRR parallel mechanism. Moreover, it can be regarded as a
6SRRR parallel mechanism during the posing mode with six
legs attaching on the wall. When the robot cleans glass curtain
walls, the robot body is required to be parallel to the wall.
Thus, researches of singularity are limited to the body postures
that are parallel to the vertical wall. Next, singularities of two
kinds of configurations are introduced in this section.

Following the above analysis, here, we select the four pa-
rameters x,y,z and « as independent variables of
F(x,y,z a) in Eq. (16). Therefore, we define a new simple
Jacobian matrix of equation F(x,y,z, ), it can be ex-
pressed as

ko m st
k, m, s, t
g OF (x, y, z, ) _ ky my syt @1
o(x, y,z,a) k, m, s, t
k, mg sg 1
_k6 m, S, 1l |

where

H( i J

X+—ru+—R-b
2 2

5, =2zh) (22)
V2 2 ]

tl =\/Ern[x+7ru+7R—b1

+\/5ru(y—grn +gR—v1]



s,=2(z—h,)

V2

2
s, =2(z—h,)

kg :2(x—rsa—

s, =2(z—h,)

5, =2(z—h,)

|-

k, :2(x+rsa—b2)

2

b;)

Na)

N2
2
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m, =2(y—rca+R—v2)

t,=2r(x+rsa—b,)ca

+2r(y—rca+R—v2)sa

,%:2[ NG J

X+—rm———R-b,
2 2

m, =2[y+—rn——R+v4

N
2

t, = —\/Ern(x—Tru _TR —-b,

2ol

mS:Z(y+rca—R+v5)

t, =-2r(x—rsa—b,)ca

=2r(y+rca—R+vy)sa

ks :Z(x—%rn +%R—bﬁJ

m, :2[)’_%”“_@1%‘“’6]

t =x/5m[x—gm +gR_b°J

ru———R+vg

NG
2

—\/Eru[y+%rn—gR+v4J

J.

(23)

24)

(25

(26)

@7

Since the robot body is parallel to the wall, it can be ob-

tained

(28)

)
Il
S

29

where i=1,2,3,4,5,6.
Substituting Eq. (29) into Eq. (21), the following equation is
gained

R(J)=3 (30)

where R(J) expresses the rank of matrix J .

The matrix J is not a full rank matrix, which indicates
that the robot is on the singular configuration when it uses six
feet to attach on the wall. The new Jacobian matrix greatly
simplifies the solution of the Jacobian matrix of robots, mak-
ing the singularity analysis of the parallel mechanism become
simple.

Next, when the robot adheres on the wall with three legs, it
still keeps the body parallel to the wall surface. If the matrix
J, is the Jacobian matrix of F(x, y, z, @) in Eq. (19), it can
be expressed as

aF( _kl ml Sl tl
X, ), z, &
= # = k3 m, s,
ox, y,z,a)
_ks ms S5 1 (3 1)
2
=k, m 0 ¢
Lk mg 0 4
Supposing that
kl ml tl
J, =k, m t]. 32
2 3 3 3
ky mg ot
Then
rank(J)) = rank(J,) . (33)

Since they have the same ranks, the singularity condition of
matrix J, can be calculated in the following form

det(J,)=0. (34)

In order to simplify the calculation of determinant of J,, it
is supposed that ¢ =0rad, L =550mm, L,=300mm,
L, =150 mm, » =300 mm and R =630 mm and z €[519 mm,
892 mm] without loss of generality. The determinant of J,
can be obtained by varying platform parameters x from -100
mm to 100 mm and y from -100 mm to 100 mm, as shown
in Fig. 5.

It is shown in Fig. 5 that the value of determinant of J,
continuously changes from negative to positive. When the
determinant of J, is equal to zero, the mechanism reaches a
singular configuration. Fig. 6(a) offers a clear view of the
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Fig. 5. The determinant of J, with the change of parameters x and y .
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Fig. 6. (a) The functional relation of the parameter x with y ; (b)
the functional relation of the determinant of J, with parameter x .

singular configuration on the x—y plane when the determi-
nant of J,=0. The curve is the singular position of the
mechanism. If y =0, the functional image of the determinant
of J, with x is a straight line, as shown in Fig. 6(b). It is
shown in Fig. 6(b) that when both x and y are zero, the
determinant of J, is also zero, explaining that positions of
x=y=0 and ze[519 mm, 892 mm] are singular configu-
rations of the mechanism.

Through the analysis, when the robot walks on the wall
with the triangular gait, the robot will not be singularity. By
introducing new Jacobian matrix, it greatly simplifies the cal-
culation of Jacobian matrix of robot. Meanwhile, obtaining the
singular configurations of the robot adhere on the vertical wall
with six or three feet.

5. Experiments

In the above, the singularity of robot is analyzed by new
Jacobian matrix. It is obtained that the robot is not singular
when the robot walks on the wall with the triangular gait. Next,
through experiments to show that the robot walks on the wall
with the triangular gait, the robot will not be singularity. The
structural parameters of robot are L, =550 mm, L, =360 mm,
L, =150 mm, r=300mm, and R=630mm. According
to the structural parameters of robot, the suction cup which is
produced by Japanese SMC company is selected, of which the
model is ZP2-250HTN. According to torque requirements of
each joint of the robot, the motors and the retarders produced
by Shenzhen Techservo Co. Ltd. in China are selected. The
models of the motors and the retarders are shown in Table 1.

Table 1. The model of motors and retarders of the wall climbing hexa-
pod robot.

Joint Motor Retarder-A Retarder-B
Joint 1 ST8N40P10V2E S042L.3-100 RAD-60-2
Joint 2 ST8N60P20V2E S042L.3-100 RAD-60-2
Joint 3 ST8N40P10V4E S042L.3-100 RAD-60-2

Fig. 7. The prototype of the wall climbing hexapod robot.

The connection mode of joint i(i =1, 2,3) is that motor se-
ries Retarder-A and series Retarder-B. The motors and retard-
ers are selected of Joints 1, 2 and 3 of each leg which are cor-
responding to the same. The prototype of the wall climbing
hexapod robot is shown as Fig. 7, the total mass of the robot is
72 kg.

For simplify the verification of singular configuration of the
robot, and without losing generality, we select the most com-
monly used triangular gait of the hexapod robot to verify the
singularity of the robot. Here, the robot which selects the
mixed triangular gait [30] walks on the vertical wall, as shown
in Fig. 8. “e ” indicates supporting leg, o> means swinging
leg, and “— ” expresses the walking direction of the robot. In
the Fig. 8, Stage (D denotes the initial standing configuration,
Stages (@ and @ are the movement stages in which three
legs lifting and swinging, and other three legs supporting and
kicking, so that the robot body to move forward. Stage @
represents one switching phase in which the supporting legs
do not lift and the swinging legs contact the ground. Stages &)
and (6 are the movement stages in which the swinging legs
in previous movement stage become supporting legs, and the
supporting legs in previous movement stage become swinging
legs. Stage (7) is one switching stage, similar to the Stage (.
Stages (® and (@ are one movement stage in which the sup-
porting legs and swinging legs change each other. Stages (D—
(® are the starting gait of robot, and Stages @—(9) are a gait
cycle of robot walking continuously.

If the robot is in singular configuration, then the motor cur-
rent of the robot will suddenly become huge and tend to infin-
ity. In Sec. 4, obtaining that the positions of x=y=0 and
z€[519 mm, 892 mm] are singular configurations of robot,
other configurations are not singular. If the robot walks with
mixed triangular gait, the projection of geometric center of
body does not coincide with the geometric center of adherence
site of three supporting legs, thus, the robot does not have
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Fig. 9. The walking trajectory of the wall climbing hexapod robot
walking on the vertical wall with horizontal direction to right by using
the mixed triangular gait.

singular configurations with triangular gait. Assume that
J(i=1,2,3,4,56; j=1,2,3) is the motor current of the
j thjointon the ith leg, the ith leg is marked in Fig. 7.

Next, the robot walks on the vertical wall with horizontal
direction by using the mixed triangular gait, and the walking
trajectory is shown in Fig. 9. By the experiments, obtaining
that the relationship between the motor current [, (i=
1,2,3,4,5,6)(A) and time ¢ (s) is shown in Fig. 10, the rela-
tionship between the motor current [,(i=1,2,3,4,5, 6) (A)
and time ¢ (s) is shown in Fig. 11, the relationship between
the motor current /,(i=1,2,3,4,5,6)(A) and time 7 (s) is
shown in Fig. 12.

By Fig. 10, it is obtained that the current 7,(i=
1,2,3,4,5,6) does not tend to infinity, the curve of the cur-
rent change is smooth, and the difference between the maxi-
mum value and the minimum value of the current

1341

35

III(A) 2»2

1, (A) 2.5/\/\/\

15 15

o246 8101214161820

1(s)
4 4
35 35

L, (A) z:/\/\N 1, (A) z.sw

15 15

1

10 2 46 8101214161820

t(s)

0246 8101214161820

t(s)

3.5

3
ISI (A) 25

2
15

I5(A) ,

o2 46 8101214161820

t(s)
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triangular gait.

o246 8101214161820
t(s)

85
[IZ(A) 8
7.5

7

8.5
I,(A)
7.5

T

02 46 8101214161820

02 46 8101214161820

AN

t(s)

:
:

t(s)

8.5

I5(A) @

7.5

A

70 2 4 6 8101214161820

t(s)

85
122 (A) 8
7.5

7

9
8.5
I,(A) ¢

75

9
85
Isz (A) 8

7.5

70 2 4 6 8101214161820

02 46 8101214161820

t(s)

2 4 6 8101214161820

t(s)

SV

t(s)

Fig. 11. The relationship between the current 7,(i=1, 2, 3, 4, 5, 6) (A)
and time ¢ (s) when robot walks on the vertical wall using mixed
triangular gait.

1,(i=12,3,4,5,6) is 1.2 (A). So the 1 th joint of each leg
of the robot does not occur singularity. By Fig. 11, it is ob-
tained that the current /,(i=1,2,3,4,5,6) does not tend to
infinity, the current is relatively stable, and the difference be-
tween the maximum value and the minimum value of the cur-
rent [,(i=12,3,4,5,6) is 0.9 (A). So the 2nd joint of each
leg of the robot does not occur singularity. By Fig. 12, obtain-
ing the current /,(i=1,2,3,4,5,6) does not tend to infinity,
the current does not greatly fluctuate, and the difference be-
tween the maximum value and the minimum value of the cur-
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Fig. 12. The relationship between the current 7,(i=1, 2, 3, 4, 5, 6) (A)
and time 7 (s) when robot walks on the vertical wall using mixed
triangular gait.

rent [,(i=1,2,3,4,56) is 0.7 (A). So the 3rd joint of each
leg of the robot does not occur singularity. Therefore, it is
shown that the robot does not have singular configurations
when robot is walking on the wall by using the mixed triangu-
lar gait. So the singularity analysis conclusion that the robot
walks on the wall with the triangular gait, the robot will not be
singularity in Sec. 4 is correct.

6. Discussions

In this paper, we mainly studied the mechanism of wall
climbing hexapod robot by the screw theory and constraint
equations from a theoretical point of view. However, in appli-
cation, the weight to power ratio of its actuators is major indi-
cator of designing robot. The robot has 18 motors, the total
energy consumption of robot is large, so the energy optimiza-
tion of robot should be considered, and selecting a more suit-
able motors in application. Meanwhile, the weight of the body
frame is large, to make the legs of robot produce deformation,
affecting the trajectory of robot. Thus, when the robot is walk-
ing and working in the actual environment, the influence of
the structural deformation on control of the robot should be
considered in future work. Moreover, the robot has 18 motors,
each motor is likely to be involved in the motion at the same
time, therefore, the coordinated control of motors should be
considered in the future.

This paper discusses the DOF, workspace and singularity of
the robot with six legs and three legs adhere on the wall. In a
particular environment, the robot may walk with one-by-one
gait, quadrupedal gait and five feet gait, so we can investigate
their the DOF, workspace and singularities, respectively.
Moreover, the Jacobian matrix of the parallel mechanism

mainly reflects the relationship between active input variables
and independent output variables, however, 18 motors of the
robot are all likely to participate in the motion when the robot
is walking, and provide torque. Therefore, each joint is likely
to produce singularity on the robot body, so the singularity of
the 18 motors can be discussed in the future.

At singular configurations, the kinematics, dynamics or sta-
bility of robot may instantaneous mutation, leading to the lost
of the delivering ability for motion and power of the mechani-
cal structures. Moreover, when the robot is near to the regions
of singular configurations, the Jacobian matrix gets close to a
reduced rank. The stiffness property, motion transfer perform-
ance and stability of mechanism may perform unexpectedly.
Therefore, the robot should be controlled to avoid the occur-
rence of these singular configurations and be kept away from
regions close to the singular configurations to ensure normal
operations.

7. Conclusions

In this paper, we investigate the DOF, workspace and singu-
larity of a wall climbing hexapod robot. The robot possesses
two kinds of configurations. The robot is regarded as a parallel
mechanism when it attaches on a wall with six feet or three
feet. The DOF analysis by screw theory shows that both of
these two configurations of the robot have 6-DOF coupling
with three translations and three rotations. The robot body
therefore can realize flexible motions of 6-DOF. Meanwhile,
no matter where the robot adheres on a wall with six or three
feet, the robot body can achieve the flexible motions with 6-
DOF.

After that, the workspaces of these two kinds of configura-
tions of the robot are expressed through constraint equations.
Meanwhile, by the further mathematical deduction indicates
that the influence of the length of the calf, thigh and hip of the
robot on U,(i=12,3,4,56) is the same. Furthermore,
since singularity affects the continuity of the motion of a par-
allel robot, the singular conditions of these two configurations
are analyzed with the rank and determinant of a new simple
Jacobian matrix. The singular configurations of these two
configurations are obtained. Thus, the robot is needed to work
away from the singular configurations and regions close to
them to ensure normal performances. Finally, by experiments
to show that the singularity analysis of robot is correct. The
analysis method of the DOF, workspace and singularity is
proposed in this paper can be used to study other robot sys-
tems and parallel mechanisms.
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