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A physically feasible, reliable, and safe motion is essential for robot operation. A parameterization-
based trajectory planning approach is proposed for an 8-DOF manipulator with multiple constraints.
The inverse kinematic solution is obtained through an analytical method, and the trajectory is
planned in joint space. As such, the trajectory planning of the 8-DOF manipulator is transformed
into a parameterization-based trajectory optimization problem within its physical, obstacle and task
constraints, and the optimization variables are significantly reduced. Then teaching-learning-based
optimization (TLBO) algorithm is employed to search for the redundant parameters to generate an
optimal trajectory. Simulation and physical experiment results demonstrate that this approach can
effectively solve the trajectory planning problem of the manipulator. Moreover, the planned trajectory
has no theoretical end-effector deviation for the task constraint. This approach can provide a reference
for the motion planning of other redundant manipulators.
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1. Introduction

As a higher organism that has evolved in nature for millions
of years, human possesses joint structures that adapt to the
complex operation environment. The 8-DOF redundant manipu-
lator simulating the joint of the waist, shoulder, elbow and wrist
part of the human being has a model which is similar to the
physiological features of the human arm, so it has many func-
tional advantages, such as obstacle avoidance [1,2], singularity
avoidance [3,4], larger workspace, more flexible operation [5], etc.
For the robotic manipulator, it has been widely applied in typical
applications, including object moving [6], milling operation [7],
tag labeling, item taking and so on [6,8]. Since the 8-DOF manip-
ulator has more degrees of freedom (DOFs), it is desirable for this
robot to perform tasks in a more complex environment.

Theoretically, when executing the motion for a task, there
exist infinite configurations that can meet the task constraints
for the redundant manipulator. However, besides the task re-
quirements, the manipulator should also satisfy simultaneously
the physical constraints [9,10] and the obstacle constraints [11]
during the motion. In order to address these various constraints
problem, many scholars have presented some methods. Chan and
Dubey [9] presented a weighted least-norm solution scheme to
solve physical limitations problem for redundant robots. How-
ever, this scheme does not guarantee to avoid the obstacle col-
lision. Xiang et al. [12] proposed a general-weighted least-norm
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(GWLN) method for the kinematic control of redundant manip-
ulators. Though this method can address the obstacles and joint
limits avoidance for the redundant manipulator to a certain ex-
tent, it has no capability to avoid the singularity points. Moreover,
a tracking error of the trajectory also exists. Wang et al. [13]
proposed a novel method to produce an online trajectory for 7-
DOF robots with minimum-acceleration planning, where all the
kinematic constraints were taken into account from the initial
state to the terminal state within a determined time, but this
scheme did not take obstacle avoidance into consideration in the
workspace. Qi et al. [14] presented an improved A* path planning
method based on the inverse kinematics of the 7-DOF space
manipulator. However, the search efficiency of the A* algorithm
is not very high. Tang et al. [15] presented an obstacle avoidance
path planning method based on improved A* algorithm and arti-
ficial potential field method. However, the planned trajectory is
not very smooth.

The physical limitation, obstacle and task constraints of the
robotic manipulator should be effectively addressed to guarantee
its safety and reliability of the operation [16]. Since the 8-DOF
manipulator has infinite configurations that can meet the task
requirement, its trajectory planning will inevitably involve an
optimization process. As such, it is essential to formulate the re-
dundancy resolution problem as a constrained optimization prob-
lem [17,18]. Also, it is important to find an optimal trajectory that
meets the various constraints from all the candidate trajectories.
A parameterization-based trajectory planning approach in the
joint space for an 8-DOF manipulator with multiple constraints is
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presented in the paper. In this approach, the relevant elements of
the optimization problem, i.e., the fitness function, the optimiza-
tion parameters and the constraint conditions, are formulated.
Hence, the trajectory planning of the robot is transformed into
a trajectory parameterization optimum problem. Then an evo-
lutionary computation method, that is, teaching-learning-based
optimization (TLBO), is employed to search the redundant vari-
ables of the trajectory. Simulation results demonstrate the effec-
tiveness of this approach.

Based on the above, the main contributions of this study are
highlighted as follows. (1) A parameterization-based trajectory
planning method of the 8-DOF manipulator is presented, in which
the issue can change into an optimization problem with much
fewer variables. Compared with the traditional planning algo-
rithms, this approach can generate trajectory within the physical
and obstacle constraints of the robot, and has no theoretical
end-effector deviation for the task constraint. (2) This method is
applied to a scenario with obstacles, which verifies the superiority
of the proposed trajectory planning method.

2. Problem formulation

As shown in Fig. 1, the physical platform of the 8-DOF ma-
nipulator is given, where each joint is actuated by the Maxon
motor, and the Copley servo driver. All the servo drivers are
controlled by a host industrial computer via CAN bus. Distributed
control system (DCS) is adopted to realize coordinated multi-axis
control. Consider the robot in Fig. 1, Fig. 2 illustrates the cor-
responding Solidworks model (left) and each joint’s axial vector
diagram (right). This manipulator imitates the waist, shoulder,
elbow and wrist joints structure of the human body, includ-
ing: (1) a waist joint rotating around the vertical axis upward;
(2) three shoulder joints which respectively rotate around the
horizontal axis toward left, the horizontal axis toward forward
and the vertical axis upward; (3) an elbow joint rotating around
the horizontal axis toward forward; (4) three wrist joints that re-
spectively rotate around the vertical axis upward, the horizontal
axis toward forward and the horizontal axis toward left.

With reference to the 8-DOF manipulator system, the motion
trajectory can be described by the change relationship q(t) be-
tween the joint position vector q and the time t in the joint
space. Then, the (t) and q(t) respectively represent the joint
speed and acceleration trajectory. Suppose the joint angle vector
of the initial point is given by q, = [qoo, 910, 920, - - - » G70], the
joint angle vector of the point at the terminal moment ¢ is repre-
sented as gy = [qos. q17. Gaf - - - - G77 ], the joint speed vector and
acceleration vector at the initial moment and terminal moment
are all g, = gy = Go = gy = 0, and the position state of the initial
point g, is assumed to be known. Then the trajectory planning
of the manipulator can be transformed into a parameterization
optimization problem, which could be described by the following
mathematical model:

q"(t) = argminf (q(t)) (1)
subject to

q(0)=qy, ¢°(0)=0, §(0)=0 @)
T ) =q. q)=0, q()=0

where f (q(t)) is a predefined fitness function. Moreover, the
motion of the robot is limited by the joint mechanical limits

Amin = q (t) < Gnaxs  VEE [0, tf] (3)
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Fig. 2. Solidworks model (left) and each joint’s axial vector diagram (right) of
the 8-DOF robotic manipulator.

where q,,;, and q,,,, are the joint mechanical limits, and the joint
speeds along the joint trajectory are limited

- qmax = q* ) < qmax’ vt € [0, tf] (4)

where q,,,, are the joint speed limits.

Besides the physical constraints of the robot, the obstacle con-
straints of the manipulator should also be considered, that is, the
robot should not collide with obstacles in the workspace during
its motion process. As such, several crucial detection points are
set on the linkage of the robot and robotic hand, then collision
avoidance can be treated as the constraint [17]

G (g (t) NS =1,
j=1,2,...,s

vt € [0, t] (5)
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where s is the number of the crucial detection points, § is the
obstacle region defined in the workspace, and G; (q(t)) denotes
a function that returns the trajectory of the crucial detection
point j through the forward kinematics model in the Cartesian
coordinate system.

In summary, the Egs. (1)-(5) constitute the mathematical
model of the motion planning of the robot, satisfying the various
constraints as well as minimizing the fitness function.

3. Trajectory parameterization of the 8-DOF manipulator

Because of the manipulator redundancy, there are infinite
joint trajectories that satisfied the requirements in most cases.
As such, the trajectory parameterization process should be per-
formed firstly.

3.1. Forward kinematics analysis

Consider the Solidworks model (left) and each joint’s axial
vector diagram (right) of the 8-DOF manipulator shown in Fig. 2,
where ag is the rotation direction of waist joint, a;-a; are respec-
tively the rotation directions of the shoulder, elbow, and wrist
joints, >y is the world coordinate system, D is the shoulder
breadth, L is the length of the upper arm, L, is the length of the
lower arm, and Ls is the length from the wrist center to the hand
center. From Fig. 2, it is obviously seen that the unit vectors of
the axes directions ag—a; can be respectively denoted as follows:

a; = (0,0, 1) =(0,1,0
a; =(1,0,0) a3 =(0,0,1) 6)
a;=(1,0,0) as=(0,0,1)
as = (1,0,0) a;=(0,1,0)

Define the position vector of the robot as q = (qo, 91, 2, g3,
44, Gs, Gs, q7)T, and the position and orientation of the body(or
the neck) are (py, Ro), where Ry is the orientation matrix. Then
the position and orientation (pj,Rj) of each connecting rod is
[19,20]

p; =p; +Rib;
R]' = RiRaj (q])

where p; is the absolute position coordinate and R; is the orienta-
tion matrix of the mother linkage in world coordinate system, a;
is the rotation axis’s unit vector and b; is the origin coordinate
in the coordinate system of the mother linkage, and Ry (q;)
is a result that returns the rotation matrix computed by the
Rodrigues formula [20] when the joint j rotates g; radians around
its axis vector a;. The origin coordinate b; j = 1,2, ..., 8) in the
coordinate system of the mother linkage can be determined as

(7)

b, = (0, —D, 0)T b, = (0,0, 0)7

b; = (0,0,0)7 by = (0,0, —L;)" s
bs = (0,0, —L,)T  bg = (0,0,0)7 (8)
b; = (0,0, 0)7 bs = (0,0, —L3)T

3.2. Analytical inverse kinematics solution

For the 8-DOF redundant robot shown in Fig. 2, there are
infinite inverse kinematics solutions because there exist two re-
dundant joints for a certain position and orientation of the end-
effector [16,21]. If the waist joint qo is zero, then the body
orientation Ry would be equal to the unit matrix E. Otherwise,
the body orientation is Ry = Rg, (qo). Since the waist joint is
independent of the 7-DOF humanoid arm to some extent, it can
be considered as one of the redundant joints for the robot. In
addition, there is another redundant joint left on the 7-DOF hu-
manoid arm. Assume that the two redundant joints are adopted
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Fig. 3. Elbow joint calculation diagram.

to depict the redundancy of the robot, and the end-effector’s
desired position and orientation are described by (p;, R7), p; and
R can be calculated from the formula (28), then how to deal with
the inverse kinematics problem of this manipulator quickly and
accurately should be solved firstly.

First, compute the position solution of the elbow joint. Fig. 3
is the calculation diagram of the elbow joint position, where the
shoulder, elbow and wrist center constitute a triangle. Then the
solution of the elbow joint angle q4 can be directly given by

3+15—C?
2L - Ly

where L is the length of the upper arm, L, is the length of the

lower arm, and C = |r| = /r? +r§ + 12 is the length of

the vector r, that is, a directed line from the shoulder center to
the wrist center in the body coordinate system, which can be
determined by

P1 = Po + Rob;
T
r= Rg p; —p) = (er Ty, Tz)

Next, calculate the position solution of the shoulder joints.
Fig. 4 is the position calculation diagram of the shoulder joints.
When the shoulder joints g;(i = 1,2, 3) are all equal to 0, the
plane constituted by the shoulder, elbow, and the wrist center
would be the yoz plane of the body coordinate system. If the
shoulder joints rotate g1, g, and g3 around their respective axis
directions, the following equation would be satisfied

0 Tx
Ral(QI)Ruz(QZ)Rag(qB)( Y1 ) = ( Iy ) (11)
Zq Tz

(9)

(4 = 7 — arccos <

(10)
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Fig. 4. Shoulder joints calculation diagram.

where y; = L, - sings and z; = —+/C2 — (L, -singy)? are
the components of the vector r on the yoz plane of the body
coordinate system. If the angle g3 is supposed to be known, then
the results of the joints q; and g, can be given by

¢ = atan2 (—r,, ry) & atan2 ( 2412 — (y153)%, —y153> (12)

g = atan2 (—zy, y;c3) = atan2 ( Vi) + 2% =1, ry) (13)

where the angle abbreviations s3, c3 are equal to s3 = sin(qs),
c3 = cos(qs) respectively.

Finally, determine the position solution of the wrist joints.
Because the rotation matrix relations between the linkages satisfy
the formula

Ra5(qs)Ra6(qG)Ra7(CI7) (]4)
=R, (q4)R;, (a3)R, ) (02)R; ' (a1)R, ' (q0)Ry
then the solutions for gs, gs and g7 can be computed by

g5 = atan2 (—Riz, Ry2) (15)
ds = atan2 (R32, —R1255 + RZZCS) (]6)
g7 = atan2 (—Ra1, Rs3) (17)

where the abbreviations s; = sin(q;), ¢c; = cos(q;) (i = 5, 6, 7), and
the R; (i = 1, 2, 3) are the elements of the matrix which can be
obtained by

Ri1 Rz Ris

Ra1 Rz Ros (18)
R31 Ry Rss

= R, (44)R,,(43)R,, (12)R,, (d1)R;, (do)R;

where q; (i = 1, 2, 4) can be derived from the formulas (9), (12)
and (13), and the unit vectors ag ~ a4 are shown in (6).

In brief, the above inverse kinematics solutions are based on
the given joints gqo and g;. When given the waist joint angle qg
and the shoulder joint g3, all other joint angles can be derived. The
angles qo and g3 can be set as the redundant variables to describe
the redundancy of the manipulator.

As formulated above, we plan the motion trajectory of the
robot in the joint space. From the boundary conditions shown in
(2), that is, the conditions of the joint position meet q(0) = q,,
q(tr) = ¢y, the conditions of the joint speed meet q(0) = 0,
q(tr) = 0, and the conditions of the joint acceleration meet §(0) =
0, ¢(tf) = 0, a quintic polynomial strategy can be adopted to
interpolate the trajectory of each joint, the quintic polynomial
interpolation generates a smooth and continuous trajectory be-
tween the initial and final configurations, ensuring that the joint
angles qo and g3 vary smoothly over time without abrupt changes.

Biomimetic Intelligence and Robotics 5 (2025) 100193

Thus, there are two parameters that need to be determined
during the trajectory parameterization process, that is, go and qs,
where qq is the waist joint position at moment t;, and g3 is the
redundant joint position of the robot at moment t;. In brief, the
trajectory parameterization of this manipulator can be denoted
as A = (qo, q3). In order to make the trajectory flexibly operate
and satisfy various constraints, we should employ an efficient
optimization method to determine these parameters.

4. Trajectory optimization based on teaching-learning-based
optimization (TLBO)

Teaching-learning-based optimization (TLBO) [22,23] algo-
rithm is a population-based method inspired from the philosophy
of teaching and learning. TLBO algorithm realizes performance
improvement through two learning modes, that is, teacher phase
and learner phase. In TLBO, the population is comprised of a
group of learners, the learner’s result is similar to its fitness,
and the best solution obtained is deemed as the teacher [24].
Compared with other evolutionary algorithms, TLBO is charac-
terized by a simple concept, few parameter settings, and good
computational efficiency. The detailed process of the TLBO is
depicted in [22,23].

The redundant manipulator has merits of obstacles avoidance,
singularity disposal, manipulability improvement, and so on [25].
Fig. 5 shows different rod configurations of the redundant ma-
nipulator for the same target position. From the figure, it can be
seen that although there are various link configurations which
can reach the same position of the robotic hand center, their
manipulability is different from each other. Some configurations
are easy to be realized, while others are close to the singularity
configuration. In order to make the robot be away from the
singularity configuration, the manipulability optimization of the
redundant robot at t; moment is defined as the fitness function
of the TLBO. The manipulability of the robot can be defined as a
function that is relevant to its Jacobian matrix J € R®*®, which is
given by [4]

n=/det(JJ") (19)

where p is the determinant of the matrix JJT. This measure
describes the amount of singularity. If the manipulator is singular,
the rank of the matrix is not full, resulting in = 0. Therefore, a
relatively large value u is beneficial to enhance the manipulability
of the manipulator. Hence, the minimized fitness function can be
introduced as

minf(\)= ~ = — 1 (20)

weJdet (")

where A = (qo, q3) denotes the individual of the TLBO algorithm.
The smaller the fitness value, the lower the singularity possibil-
ity, which can represent the extent away from the singularity
configuration.

Following is the detection whether the selected trajectory q(t)
meets the kinematic constraints (3)-(4) and the obstacles condi-
tion (5) or not. If the candidate trajectory q(t) does not satisfy
these constraint conditions, that is

q (t) ¢ [qmin’ qmax] or q (t) ¢ [_Qmam qmax]
or  Gi(qt)NS#Y, Vee[o,t], j=12...,5

a penalty mechanism is used to punish the fitness function value
as follows:

minf(A)=C, C>0 (22)

where C is a penalty parameter which usually is a large positive
coefficient, and the meanings of other symbols are the same as
in (3)-(5).

(21)
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Fig. 5. Different configurations of redundant manipulator for the same target position.

Define fitness function, design
variables and set parameters

k=0, initialize the population,
determine the termination criterion

Table 1

Joint angle range of the 8-DOF manipulator (°).
Range qo q1 G2 qs qa qs ds q7
Lower —-30 —-126 —133 —-180 O —180 —-80 —42
Upper 30 90 15 90 120 180 80 85

Table 2

Maximum joint speed of the 8-DOF manipulator (rad/s).
Joint o 0 02 3 n qs s a7
Speed 8 13 18 12 20 11 10 45

Output the best

Evaluate individuals, is the i
individual (qo, g3)opt

aximum iteration met 2

Plan the optimal
trajectory

Perform the teacher phase, the learner|
phase, generate new population

Fig. 6. Optimal trajectory selection of 8-DOF manipulator based on TLBO.

End

The 8-DOF manipulator has different rod configurations and
motion trajectories for the same target task, so we should use
an efficient optimization algorithm to select an optimal decision
vector according to the defined fitness function. TLBO algorithm
is an appropriate method that searches for an optimal solution
in multi-dimensional space through the teacher and the learner
phase. Based on this, an optimal decision vector A = (qo, q3)
of the trajectory is determined by the TLBO to minimize the
fitness function value without violating various constraints. The
optimization primarily focuses on the steady-state part of the
trajectory, ensuring that the system reaches the desired final
configuration while satisfying the necessary constraints. The pro-
cedure of selecting the optimal trajectory based on the TLBO is
presented in Fig. 6.

5. Simulation and physical experiments

In order to demonstrate the mechanical performance, the 8-
DOF manipulator is firstly compared with the 7-DOF manipulator
without the waist joint to manifest its superiority in the aspect
of mechanism. Besides this, to demonstrate the planning merits
of the presented approach, a simulation scenario with obstacles is
established and some simulation and experiments are performed.

Consider the joints’ axial vector diagram of the 8-DOF robot
shown in Fig. 2, where the origin of the world-coordinate sys-
tem ) w is set at the shoulder center, and the orientation of
the body is an identity matrix, that is, Rp = E. In addition,

according to the mechanism designed for this manipulator, the
corresponding parameters are as follows: the shoulder width
is D = 0.26 m, the length from the shoulder center to the elbow
center is L = 0.26 m, the length from the elbow center to the
wrist center is L, = 0.26 m and the length from the wrist center
to the hand (clamp) center is L3 = 0.14 m. According to the actual
physical and mechanical model in Fig. 1, the permissible range
and the maximum speed of each joint are respectively given in
Tables 1 and 2.

5.1. Comparison of mechanism performance

To highlight the mechanical merit of the 8-DOF manipulator,
the 7-DOF manipulator without the waist joint is added in the
experiment, and two comparison experiments were conducted.

As shown in Fig. 7, if the position and orientation (3 Euler an-
gles) of the hand (clamp) center are set as [0.55 0.25 — 0.20] m,
and the orientation is represented by the rotation matrix R =
R, (r /4)Ry(—7 /2)R,(0), for the 7-DOF manipulator (left), due to
the fact that the waist joint position is equal to zero and the
target point is relatively far away from the origin of the world-
coordinate system, the configuration of the 7-DOF manipulator is
almost in a singularity state. On the contrary, because the waist
joint can extend the motion range of the manipulator (qg # 0),
the 8-DOF manipulator (right) is in a comfortable configuration
and retains a certain degree of operability.

As shown in Fig. 8, when the position and orientation
(3 Euler angles) of the hand (clamp) center are set to
[0.50 0.35 — 0.20] m, and the orientation is represented by the
rotation matrix R = R,(—m /4)Ry(—m /2)R(7 /2), the second joint
angle of the 7-DOF manipulator (left) reaches its joint limit,
making it unable to complete the task due to the waist joint
being fixed at zero and the target point being relatively far from
the origin of the world-coordinate system. In contrast, the 8-DOF
manipulator (right), with its extended motion range from the
waist joint (qo # 0),successfully performed the grasping task.

Due to the existence of the waist joint, the 8-DOF manip-
ulator simulates the joint structure of human body, which can
further widen its working space, and effectively demonstrate the
superiority of its mechanism.
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i

Fig. 7. Configuration comparison of the 7-DOF manipulator without waist
joint (left) and the 8-DOF manipulator with waist joint (right).

i h
Fig. 8. Configuration comparison of the 7-DOF manipulator without waist
joint (left) and the 8-DOF manipulator with waist joint (right).

5.2. Parameterization-based trajectory planning

5.2.1. Parameters of system model

A simulation scenario with obstacles of this 8-DOF manipula-
tor’'s motion planning is established, as shown in Fig. 9, where
the standing cuboid is a static obstacle, and the robot is required
to safely move to grab the cup from the static initial point.
In this figure, the length, width and height of the cuboid are
respectively 0.05 m, 0.05 m and 0.12 m. In this scenario, we
set the shoulder center as the origin of the world-coordinate
system Y, so the cuboid region S can be described as

S ={(x,y,2)]0.27 <x < 0.32,0.135 < y < 0.185,
—0.40 <z < —0.28} m (23)

In the experiment, suppose that the position vector of the
initial point is determined by

—0.5804 —1.1446 2.0166
— 0.3530] rad (24)

g, = [0.0000 0.4317
1.5708 0.9466

The representation of the task space includes six dimensions,
that is, three position elements, and three angle elements for
orientation with the angle-axis. In light of the forward kinematic
analysis, the initial state of the hand (clamp) center in task space
can be given by

x(0)=(0.12 0.14 —0.25 7/2 —x/2 0)" (25)

The linkage configuration of the robot at the initial moment from
the front view is shown in Fig. 9.

Assume the terminal time is tf = 1, and the terminal position
of the hand (clamp) center in task space, which can be obtained
from the external vision unit, is as follows:

ps = (0.30 0.26 —0.30)"m (26)

If the end-effector’s hand(clamp) is in a horizontal manner to
grab the cup at moment ¢, then the roll angle ¢ and the pitch
angle y of the hand (clamp), which rotate around the x and y
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Fig. 9. Front view diagrams of the simulation scenario of the 8-DOF manipulator
at the initial moment.

Fig. 10. Configuration diagrams of the simulation scenario of the robot at the
terminal moment: front view (left) and vertical view (right).

axis respectively, can be restricted as ¢ = 7/2 and y = —n /2.
Thus the orientation of the hand (clamp) can be given by
Rg = Rrpy (¢a Y, <ﬂ) =R, (‘P) Ry (—7‘[/2) Ry (7{/2) (27)

where ¢ is the yaw angle that rotates around the z axis. Then,
when the orientation of the hand (clamp) center is determined,
the end-effector’s position and orientation (p,, R7) of the 8-DOF
robot can be reversely derived by

R, = Rg
p;=ps—R;-(0 0 —L3)"

From the above, it can be seen that there are three parameters
that need to be determined for the motion planning of the ma-
nipulator, that is, ¢, qo and g3, where ¢ is the yaw angle of the
clamp’s orientation at moment t;, and qo and g3 are respectively
the waist joint position and the redundant joint position of the
robot at moment ¢;. Hence, the parameters that need to be deter-
mined, that is, the decision vector of the trajectory planning of the
robot in this scenario can be represented as (¢, A) = (¢, qo, q3)-

The goal of the manipulator is to bypass the obstacles and
drive its hand (clamp) center to grab the cup. Hereonto, eight
crucial points are marked on the hand (clamp) to perform the
obstacles detection between the robot and the obstacles during
the motion. The coordinates of each mark point under the wrist
local coordinate system are defined as follows

(28)

s = [0.03,0.03, —0.14] m, s, = [0.03, —0.03, —0.14] m,

s3 = [—0.03,0.03, —0.14]m, s4 = [—0.03, —0.03, —0.14] m,
ss = [—0.011, —0.042, —0.044] m,

ss = [0.011, —0.042, —0.044] m,

s; = [0.03,0.03, —0.12]m, ss = [0.03 — 0.03 — 0.12]m

(29)
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Fig. 11. Position and speed curve of each joint. (a) Position versus time for each joint. (b) Speed versus time for each joint. (c) Acceleration versus time for each

joint.

5.2.2. Trajectory planning results

The TLBO-based trajectory optimization of the robot is per-
formed firstly. In TLBO, the evolutionary iteration is set as G=15,
the population size is NP=20, the individual of the TLBO is
(p,A) = (¢,qo,q3), the range limitation of the yaw angle
¢ € [—m/2,7/2], and the range limitations of qo and g3 are
shown in Table 1, respectively. Moreover, the fitness function of
TLBO is formulated as Eqs. (19)-(22). If the selected trajectory
violates the kinematic or obstacles constraints, the penalty coef-
ficient C = 106 is offered to its fitness value. Through iteration
optimization, the optimal decision vector can be obtained by

(@, dos G3)opt = (—0.8724, —0.1764, —0.4418) rad (30)

where the corresponding fitness value is 15.7388. According to
this result, it can be concluded that the planned trajectory satis-
fies the kinematic and obstacles constraints of the robot during
the motion.

Substituting the obtained result (¢, qo, g3),p; into the geo-
metric expression of the inverse kinematics, the corresponding
solution at moment t; can be obtained as follows:

q; = [-0.1764 —0.3039 —0.0578 — 0.4418 1.2768

1.2314 —0.1663 — 0.2055]rad (31)

The corresponding linkage configuration of the robot at mo-
ment t; is shown in Fig. 10. From the figure, it can be seen that
the end-effector’s hand(clamp) can accurately reach the desired
point and grab the cup in a horizontal manner with a certain yaw
angle.

Fig. 11 respectively shows the position, speed, and accelera-
tion curves of each joint for the planned trajectory. In the figure,
the whole motion time is 1.0 s. It can be seen that the joint
trajectories are sufficiently smooth during the motion process.
Moreover, the position, speed, and acceleration trajectories of all
joints respectively meet the physical limitations shown in Ta-
bles 1 and 2, which indicates that this trajectory can be executed
for the robot.

Fig. 12 shows a simple presentation of the robot during the
whole motion process in three-dimensional space. Fig. 13 demon-
strates the linkage configuration diagrams of the robot every
0.25 s in the simulation scenario from the vertical view. It can
be seen that there is no interference between the manipulator
and the cuboid obstacle during the motion, and the hand (clamp)
can grab the cup successfully. Because this approach obtains the
inverse kinematics solution using an analytical method, it has no
position and orientation’s error in theory when the clamp grabs
the cup at moment t;.

_ Shoulder

Fig. 12. Simple presentation of the manipulator in 3-D space by the proposed
approach.

5.2.3. Comparison with the gradient projection method (GPM)

To validate the effectiveness of the presented approach for
the trajectory planning of the 8-DOF manipulator, the traditional
gradient projection method (GPM) [26,27] which has been widely
employed for the robot’s kinematic control, is adopted to plan the
trajectory. The joint speed vectors computed by the GPM method
are formulated as [26,27]

q=J"%+k(I—J"J)VH (@)" (32)

where % is a vector which is composed of linear velocity and
rotational velocity, q is the joint speeds, J is the Jacobian matrix,
J* is the Moore-Penrose inverse of the Jacobian matrix, k is a
real scalar coefficient, and VH (q) is the gradient vector of the
criterion that is defined as [9,12]

8

(Qi max
H(q) =
; (Qimax -

— Gimin)”
4 (qi — Gimin)

(33)

where g; is the ith joint position, and g;max and gimin are the upper
boundary and lower boundary of the joint g;, respectively. The
goal is to drive the end-effector tool (clamp) to grab the cup.
Assume that the clamp’s orientation of the terminal moment t;
is the same as that of the initial moment t,, then the initial state
and terminal state in task space is respectively as follows:

x(0) = (0.12 0.14
x(1) = (0.30 0.26

—0.25 /2
—0.30 /2

—m/2 0
—m/2 0

(34)
(35)

The trajectory x(t) of task space is also interpolated by the quintic
polynomial strategy.
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Fig. 13. Linkage configurations change of the 8-DOF manipulator from the vertical view for the planned trajectory. (a) t=0.0 s. (b) t=0.25 s. (c¢) t=0.50 s. (d) t=0.75

s. (e) t=1.0 s.
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Fig. 14. Trajectories of joint positions and speeds by the GPM method. (a)
Position versus time for each joint. (b) Speed versus time for each joint.

< Shoulder

< \Waist

Fig. 15. Simple presentation of the manipulator in 3-D space by the GPM
method.

(b)

Fig. 16. Linkage configurations at the terminal moment of the robot by the
GPM method. (a) Configuration diagram from the front view. (b) Configuration
diagram from the vertical view.

Fig. 14 shows the planned trajectories of the joint positions
and speeds by the GPM method. The maximum speed values of
the joints are respectively given by

Qoo = [12.3788 17.1667 3.7111 7.8287 6.3326
7.1530 11.9435 8.2137]rad/s (36)

It can be seen that several maximum joint speeds, for example,
do, g1, G and g, have violated the corresponding joint speed
constraints shown in Table 2, which would give rise to low
trajectory tracking control accuracy and even harm the actuators
of the robot [28]. Fig. 15 demonstrates the simplified presentation
of the 8-DOF manipulator in 3-D space by the GPM method, in
which it can be seen that the axis line between the wrist and
the hand (clamp) center has entered the area of the obstacle
at moment t;. Fig. 16 shows the linkage configurations at the
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(b)

Fig. 17. Front view diagrams of the robotic platform at the initial and terminal moment. (a) Front view diagrams at initial moment. (b) Front view diagrams at

terminal moment.

(b)

(d)

Fig. 18. Linkage configurations change of the robotic platform from the vertical view for the planned trajectory. (a) t=0.0 s. (b) t=0.25 s. (c) t=0.50 s. (d) t=0.75 s.

(e) t=1.0 s.

Table 3
Comparison results of different trajectory planning methods.

Methods Variable dimensions err (Ap, AR) t/s f)
Gradient Projection Method* 8 9.9216e—7 0.0923 15.0810
Proposed approach 3 0 0.0256 14.9387

¢ In the GPM, the clamp’s orientation of the terminal moment ¢; is the same as that of the initial moment o, that is, the yaw angle ¢ = 0 of the clamp at moment ¢;.

terminal moment in the simulation scenario from the front and
vertical view, where it can also be found that the position and
orientation of the hand (clamp) are basically in accord with the
terminal state in task space shown in (35), but the connectors
of the wrist have interfered with the obstacle severely and the
selected trajectory does not meet the obstacle constraints. The
GPM method plans the trajectory of the manipulator in task space
through the iteration, so it exists cumulative error during the
iteration process. Moreover, the scalar coefficient k value of the
GPM method in (33) has a great impact on the error accuracy [12].

To further verify the advantages of the proposed approach,
the proposed approach is compared with the GPM in terms of
running time, and solution accuracy at moment t;. In GPM, the
optimization variable dimensions are 8, the scalar coefficient k
is set as 0.86 and the maximum evolutionary iteration of the
GPM is T = 2500. Once the clamp’s position and orientation
error at moment fr, which is defined as err (Ap, AR) [21], is
less than 107%, the whole GPM iteration procedure will stop
immediately. Table 3 lists the comparison results between the
GPM and the proposed planning approach.

As shown in Table 3, the variable dimensions of the proposed
approach in this paper are much smaller than the corresponding
value of the GPM. At the same time, the proposed approach also
has advantages over the GPM in terms of the clamp’s position and
orientation error at moment t; and the running time t. Addition-
ally, the proposed approach demonstrates better operability, with

a lower f(A) value compared to the GPM, which reflects improved
efficiency and control in task execution.

In brief, the GPM cannot guarantee to meet the constraint is-
sues due to its local optimal solution. The proposed approach has
great advantages compared with the traditional GPM. However,
the approach also has certain limitations, in which the analytical
inverse kinematics solution of this approach greatly depends on
the particular joint model of the robot, and it lacks a certain
universality.

5.2.4. Practical testing of the robotic platform

To verify the effectiveness of the proposed approach, the phys-
ical experiment is conducted on the robotic platform. The actual
physical platform of the 8-DOF manipulator is shown in Fig. 1.
The console application is written using Microsoft Visual Stu-
dio compiler software, which sends the program instructions to
each actuator through the CAN bus to control the motion of the
manipulator.

Fig. 17 shows the actual linkage configurations of the robotic
platform at the initial (left) and terminal (right) moment. It can
be seen that the end-effector’s clamp can accurately reach the
initial point with the desired position and orientation shown in
the formula (25), and grasp the cup in a horizontal manner with
a certain yaw angle, where the position and orientation of the
clamp center are respectively given by the formula (26), (27)
and (30). Fig. 18 shows the linkage configurations change of the
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robotic platform’s practical testing at different moments. It can
also be seen that there is no collision between the manipulator
and the obstacle during the whole motion, and the practical
linkage configurations at different moments are consistent with
the corresponding configurations shown in Fig. 13.

6. Conclusion

In this paper, a parameterization-based trajectory planning
approach is presented for the 8-DOF manipulator with multi-
ple constraints. By introducing trajectory parameterization, the
number of trajectory variables is significantly reduced, and the
resulting trajectory satisfies the physical, obstacle, and task con-
straints of the manipulator. Moreover, the planned trajectory
theoretically shows no end-effector deviation. Simulation and
physical experiment results demonstrate the effectiveness of this
approach.

Although this method was specifically designed and validated
for an 8-DOF redundant manipulator, its core concept is broadly
applicable to other degrees of freedom (DOF) robotic systems,
such as 7-DOF or 6-DOF manipulators. In a 7-DOF system, while
the removal of Joint O (waist joint) may reduce the workspace,
by appropriately adjusting the dimensionality of the optimiza-
tion variables, the method can still efficiently plan trajectories.
Similarly, in a 6-DOF system, this approach can be adapted to
achieve effective trajectory planning by adjusting the optimiza-
tion parameters and task constraints.

Additionally, this approach is also applicable to higher-DOF
systems, such as 9-DOF or more. In such systems, the added
redundancy provides even more flexibility in task optimization,
especially for complex tasks or constrained environments. The
increased degrees of freedom allow for more versatile motion
planning, and our method can handle this redundancy effectively
through careful design of the optimization parameters, ensuring
that the trajectory remains accurate and efficient under more
complex constraints.

In future work, we plan to conduct further physical exper-
iments to validate this approach across different manipulator
configurations, enhancing its applicability and effectiveness for a
wide range of redundant manipulator systems.
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