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The 7-DOF Automatic Fiber Placement Manipulator’s Self-motion Manifold
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Abstract: In order to resolve the inverse kinematics of the redundant robotic manipulator, the position space
manifold and orientation space manifold are defined; the redundant manipulator’s self-motion manifold can be
obtained by pairing the position space manifold and orientation space manifold. The 7-DOF automatic fiber
placement manipulator’s inverse kinematics are analyzed using position space manifold and orientation space
manifold, self-motion manifold of it can be obtained by matching the position space manifold and orientation
space manifold, the simulation results show that manipulator’s self-motion manifold is correct by this method
and this method is also applicable in analyzing the self-motion manifold of the other type redundant

manipulator.
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INTRODUCTION

In the manufacturing process of the aircraft S-shaped
mnlet, advanced automatic fiber placement technology 1s
used. The fiber is placed automatically on the mandrel by
the end-effector according to the pre-planned trajectory
(Liu, 2011; Zhu et al., 2011). The robotic manipulator has
at least 6 Degrees of Freedom (DOF) to place the fiber on
mandrel but the 6-DOF robotic mamipulator can not track
mandrel position in arbitrary orientation. Therefore, some
scholars improved the robotic manipulator’s tracking goal
capability by mcreasing DOF, in other words to improve
the robotic manipulator’s dexterousness, the DOF by
additional 1s called redundant DOF; this robotic
manipulator with additional DOF 1s called redundant
robotic manipulator (Han et al., 2009, Yang et al., 2011).
Redundant robotic manipulator has more flexibility and
better obstacle and singularity avoidance capability than
robotic manipulator has less than 6-DOF (Lu, 2007,
Zhang et al., 2004). So, studying 7-DOF redundant robotic
manipulator 1s more meamngful. The mverse kinematics 1s
the basis of planning and motion control for robotic
manipulator which is the sanie as redundant robotic
manipulator. The first need is to solve the nverse
kinematics problem if trajectory planmng and motion
control are to be achieved Redundant robotic
manipulator’s self-motion manifold contains all the
mverse kinematics (Moll and Kavraki, 2004; Muller, 2004,
Zhao et al., 2007, 2009; Xmfeng and Dongbiao, 2012;
Zhang et al, 2011; Kazem et al., 2010), shows the
mapping relationship between the end-effector and joints
and reflects the self-motion ability essentially.

Inverse position should be obtamned m order to get
self-motion manifold, the inverse position is difficult to
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solve for redundant robotic manipulator whose DOF 15
more than 6. Inverse kinematics based on self-motion
manifold are all the inverse kinematics, therefore, analyzed
the redundant automatic fiber placement robotic
mamipulator’s self-motion mamfolds which has some
reference to analyzing inverse kinematics of other type
redundant robotic manipulators.

The self-motion manifold 1s used to obtain the all
inverse kinematics solutions of the redundant robotic
manipulators. The position space manifold and orientation
space manifold are defined at first, then the self-motion
mamnifold could be obtain by pairing the position space
manifold and orientation space manifold, at last verified
by exaniple.

7-DOF AUTOMATED FIBER
PLACEMENT REDUNDANT ROBOTIC
MANIPULATOR’S TOPOLOGY

The automatic fiber placement robotic mampulator’s
structure 15 shown in Fig. la. From its structure, there 1s a
6-DOF fiber placement robotic manipulator and a
rotational mandrel. According to the principle of
equivalence movement: mandrel coordmate system 1s
fixed with the base coordmate system, a virtual revolute
joint linked the base and the mandrel together, Rotational
mandrel is equivalent to the robotic manipulator’s rotation
around the base. So the fiber placement robotic
mamipulator with 6-DOF and the mandrel with 1-DOF
becomes a 7-DOF redundant robotic manipulator. The
shoulder has a revolute joint, the elbow has three
prismatic joint, wrist has three revolute jomnt. The three
revolute joint axes of the wrist intersect at one pomt, the
automatic fiber placement robotic manipulator’s topology
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Fig. 1(a-b). Automated fibre placement robotic manipulator’s structure and topology. 1: Tailstock, 2: Mandrel, 3: Chuck,
4: Link, 3, 5: Lk, 2, 6 Link, 1, 7: Placement head, 8 Link, 6, 9: Link, 5, 10: Link, 4, 11: Mandrel part and

12: Manipulator part

Table 1: Parameters of the automated fiber placement robotic manipulator

Linki  a, (mm) o, (® di(mm) sG] Range of each joint
1 a4 0 0 8, -180~180
2 0 0 d, 0 -150~150
3 0 90 d; -90 -110~110
4 a o0 d, 0 -100-100
5 0 0 [ 25 -90-90
[\] 0 90 0 B4 -110~110
7 0 -90 0 O -260-260

after equivalent motion as shown in Fig. 1b. Establishing
D-H coordinate system and its structural parameters as
shown in Table 1.

REDUNDANT ROBOTIC MANIPULATOR
SELF-MOTION MANIFOLD

Position space manifold of redundant robotic
manipulator: The end-effector position can be obtained
easily by the 7th joint coordinate system original position.
The definition of moving coordinate system does not
affect analyzing the robotic manipulator’s kinematics, so
the end-effector coordinate system can be assumed
coinciding with the 7th joint coordinate system. The
automated fibre placement robotic manipulator’s three
prismatic jomnts intersect at one point and determined the
end-effector’s spatial position. Then the end-effector
position 1s determined by the 1. the L, 1s the vector
between intersection of the 3, 6 and 7th joint axis and
origin of the base coordinate system, all such 1,
constitutes the redundant robotic manipulator’s position
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work space, so the three prismatic jomts 1s also called
position joints.
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According to the equivalent motion of the automatic
fiber placement robotic manipulator, waist, shoulder and
elbow’s configuration space can be defined as:

Carge = C G CxCy (1)

The redundant robotic manipulator’s position space

U, can be expressed as:

Lt

Here, f, is the map from Cy. to U, 6,=[60,d,
ds, d.I"

Either take 1,, eU,. position space manifold is
defined which the vector 1, 1s corresponding to:

U 2

P

=f

P

o

(GF),GPECWSC}
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(CoE ) =10, 8, £, (8,) =16, & Cree} (3)

C, 1s directly called positicn space manifold.

The redundant fiber placement robotic manipulator
orientation joint manifold: Three revolute jomts axis on
wrist intersect at point O,, end-effector orientation
adjustment can be carried out only by the 5, 6 and 7th
joints’ rotation and position of point O, does not change
when end-effector orientation adjusts. Three revolute
joints on wrist are also called orientation joints. Then the
redundant robotic manipulator is decoupled in position
and orientation.
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The wrist joints configuration space is defined as:

“4)

Co, =G x Cx G

Assuming 0, =[0,,0,,6,] C., and £ (epk)_:_lqu for
the given 8,eC,. When the robotic mampulator 1s in some
singularity, kinematics redundant will occur when

adjusting wrist joints orientation. Assuming:
T
0, :[e;k,eu

orientation joints manifold which the wvector pair

(B, Zroy, yiog) 1s corresponding to is defined:

5o T) trn) ©

(CU,FD):{(BWQ)

Similarly, C, 1s directly called orientation joint mamfold.

The redundant fiber placement robotic manipulator
self-motion manifold: The redundant fiber placement
robotic mampulator’s end-effector position workspace
can be expressed by the position space manifold;
end-effector orientation can be expressed by two
coordinate axes vector z; and y; of the 7th joint. Any one
point on the position workspace manifold corresponds to
a orientation space, the orientation space can be
described as all the vector pairings (z,, y;) which matched
by axis z; and axis y; of the 7th joint coordinate system on
the pomt, end-effector orientation space can be described
as all the vector pairings of (., 2,. %;)-

The joint space of the ith joint can be expressed as C;
and then the joint configuration space C can be expressed
as seven separated product space of C;:

C=CxCxLx=C, (©)

The role of robotic joint is equivalent to the role of
functions in mathematics which implements mapping and
inverse mapping between the joint configuration space
and the end-effector position and orientation workspace.
Assuming 0 = [0,, 0,, L, 6,]", so the redundant robetic
end-effector position and orientation workspace can be
described as:

7

U= {(lop‘,ZT,y?) (lolo‘,zwy?) =f(8),6e C}

Where, f can be obtamed by direct kinematics of
redundant robotic mamipulator.
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Either takes vector ucU, so the self-motion manifold
which corresponded to by vector u can be described as a
pairing that composed by a configuration subspace Cq,
and a set of mappings Fq:

(Coo-Eo )= {(8,)[f (8) = 1,0 C} (8)

f is easy to obtain by 6 for the redundant robotic
manipulator, therefore, the main task which solves
redundant robotic manipulator self-motion mamfold 1 to
solve Cy, and C, 1s called the redundant robotic
manipulator self- motion manifold.

THE AUTOMATIC FIBER PLACEMENT
REDUNDANT ROBOTIC MANIPULATOR
SELF-MOTION MANIFOLD

Three revolute joint axes of the automatic fibre
placement robotic manipulator wrist intersect at one point
and determined the robotic manipulator end-effector’s
orientation in the work space; three prismatic joint axes
intersect at one point and determined the robotic
manipulator end-effector’s position m the workspace. The
end-effector’s orientation can be achieved only by three
wrist joints and the end-effector position cen not be
moved, so the robotic manipulator’s self-motion mamfold
can be divided position space manifold and orientation
space manifold. The position space manifold and
orientation space manifold can be solved, respectively;
the robotic manipulator self-motion manifold can be
obtained by pairing them.

The redundant automatic fiber placement robotic
manipulator position space manifold: Assuming position
°T  which
coordmate system T fixed the end-effector relative to
coordinate system fixed the mandrel S, there have:

and orientation transformation matrix 1s

o
[~

%

[=]

o
[~

¥

(%)

n
n
ST=STOTiT= .

o
=~

z

o

(=]
<

The position joint can be calculated according to

Eq. &

61=[0,27r]
d;=p,-d-a,
d;=Z+p,—-d-a,

2

(10)

d,=d-a, +X_,-c-p

x
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Fig. 2: Automatic fiber placement redundant robotic
manipulator position space manifold

According to the equivalent movement principle,
assuming the automatic fiber placement redundant robotic
mamnipulator end-effector tracked a spatial circular m its
work space, the automatic fiber placement redundant
robotic manipulator’s position space manifold is shown in
Fig. 2.

But in actual fiber placing process, the robotic
manipulator end-effector actual route is a spatial curve in
Fig. 2, in addition to the part to be paved size limits; the
position space manifold 1s a portion of Fig. 2.

The automatic fiber placement redundant robotic
manipulator orientation joint manifold: The three
revolute joints of the robotic mampulator intersect at one
point, the geometric structure as shown m Fig. 3. The
desired coordinate of the end-effector is (X.,, Vo, Ze.) under
the coordinate system XY ,Z,, the distance from the pomt
to the end-effector 1s | , 1 13 an angle between two planes,
one is a vertical plane through the first joint, the other is
that contain the end-effector and its projection on the
XY, plane.

The following equations were established according
to the automatic fibre placement redundant robotic
maripulator orientation jomt geometric structure:

R, =yx. =50 Ro=yx, vy, vz, an
X npe Ye (12)
cosp= ,sinp=
B RZ B R2
Rz . A (1 3)
cosE=—,smnf=
: R, : R,

The mverse kinematics can be solved according to
Eq. 11-13 and for given (%, ¥.., Z..) and
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Fig. 3: Automatic fibre placement redundant robotic
manipulator orientation joint geometric structure

8=18,,.9;,,6,,} = Jarccos(—cos&cos y),
_cossing  sing ]

siny  sinEcosy

atan2| —— R -
sin 8, sin@,,

atan2 - -
sin 9, sing,,

8= {eﬁb’eﬁb’e?’b} = {eﬁa tm—6,,.6;, ¢ “}

siny  sin&cosy

atan2| — R -
sin 9, 5in ©,,

0=140,.0,..0,.} = arccos{cosEcosy),

cosésiny  sinég
sin@, s g,

atan2[

6= {emﬁﬁwew} = {eh +7.-0,,.6;, & :n:}

The automatic fiber placement redundant robotic
manipulator self-motion manifold: Redundant robotic
maripulator self-motion manifold 1s the sub mamfold of
the configuration space manifold. The redundant
automatic fiber placement robotic manipulator self-motion
manifold is paired by the position space manifold and the
orientation joint manifold. The redundant automatic fiber
placement robotic manipulator orientation joint manifold
is a plane curve and the position space manifold is a
hollow cylinder at 0; = 0, therefore the redundant
automatic fiber placement robotic mampulator self~motion
mamnifold 1s a plane curve m the hollow cylinder. The
redundant automatic fiber placement robotic mampulator
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Fig. 4: Desired trajectory of end-effector

orientation joint manifold 1s a spatial curve at 8, # 0, the
redundant automatic fiber placement robotic mampulator
self-motion manifold is a spatial curve in the hollow
consequently, the 7-DOF redundant fiber
placement robotic manipulator can complete the fiber
placement task in any orientation.

cylinder,

VERIFICATION THE REDUNDANT AUTOMATIC
FIBER PLACEMENT ROBOTIC MANIPULATOR
SELF-MOTION MANIFOLD

In order to verify the correctness of the self-motion
manifold solved, the redundant automatic fiber placement
robotic mampulator placing some S-shaped inlet mandrel
which is taken as an example, using the inverse kinematics
solved by self-motion manifold to venfy. Figure 4 is
desired trajectory of the redundant automatic fiber
placement robotic manipulator end-effector on the
mandrel, Fig. 5 shows the simulation trajectory of the
redundant automatic fiber placement robotic manipulator
end-effector which using the inverse kinematics solved
and desired trajectory.

According to the desired fiber placement trajectory,
the simulation fiber placement trajectory of the end-
effector can be obtained by self-motion mamfold and
shown m Fig. 5. Compared to Fig. 4, simulation fiber
placement trajectory obtained is good agreement with
desired fiber placement trajectory, the redundant
automatic fiber placement robotic manipulator self-motion
manifold solved in this paper is correct. Ma (2005)
proposed the actual joint configuration and the desired
joint configuration is consistent in the self-motion
mamfold; Yao et al. (2009) and Zhao et al. (2007, 2009)
plammed the robotic motion by using self-motion manifold.
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Fig. 5: Simulation trajectory of end-effector
CONCLUSION

The 7-DOF redundant automatic fiber placement
robotic mampulator is the redundant robotic mampulator
which its position and orientation are decoupled and its
self-motion manifolds can be seen as which the position
space manifold and the orientation joint manifold paired.
When solving the redundant robotic  mampulator
self-motion manifold whose position joint and orientation
joint decoupled, the redundant robotic manipulator
self-motion mamfold can be decomposed the position
workspace manifold and orientation workspace manifolds,
then analyzed and solved, respectively. Finally, the
redundant robotic manipulator self-motion manifold can
be obtained by pairing the position workspace manifold
and the orientation workspace manifold.
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