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Abstract. Based on the high-speed and stable demand of the dynamic pick-and-
place of a Delta parallel manipulator in industrial production, a 5-3-5° multi-
segment polynomial is used to design the speed laws of the joints of the manip-
ulator, combined with the constraint of motion, the shortest period, and vibration
control to construct a multi-target and multi-constrain. The nonlinear motion tra-
jectory planning model is obtained, and the optimal solution of trajectory plan-
ning is obtained by using the optimized gravitational search algorithm. The results
show that the speed and acceleration of themotion trajectory reach extreme values,
and the motion trajectory is continuously smooth, meeting the expected planning
requirements. The effectiveness of the motion trajectory model in shortening the
operation cycle and the vibration of the control mechanism is verified, and the
effectiveness of the optimized gravity search algorithm in the convergence control
and global optimization is verified.

Keywords: Parallel manipulator · Trajectory planning · Multi-stage
polynomial · Gravitational search algorithm

1 Preface

The development of the robot industry has played an important role in promoting the
third industrial revolution, and the proposal of “industry 4.0” has even prompted many
countries to carry out research on emerging technologies in the field of intelligent robot
manufacturing [1].Delta parallelmanipulator is one of themodern production equipment
which widely used in the industrial production. It has compact and simple structure,
flexible and fast operation. It can be seen in food, medicine, logistics, life science, chip
manufacturing and other industries.

At present, the study of the Delta manipulator mainly concentrated in the end of
the actuator motion trajectory model design and processing algorithm. It has smooth
dynamic trajectory which can improve the working efficiency and stability of the Delta
manipulator, further stimulate their working performance in the industrial manufactur-
ing, it has important practical significance and value of engineering application on the
promotion of advanced manufacturing production. Costantiesu D and Croft E A [2] have
studied the relationship between the velocity variation law of the manipulator and the
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vibration of the mechanism, and found that when the velocity function is continuous
for at least two times, the acceleration is continuous to ensure the smoothness of the
motion trajectory, and the vibration of the mechanism can be suppressed by controlling
the change range of acceleration. In the literature [3, 4], polynomial was used to plan
the motion law of the actuator for the impact, vibration and other problems that tend
to occur when the trajectory of the Delta manipulator is in right-angle transition. The
simulation results show that the polynomial speed design can smooth the transition part
in a reasonable period of motion. In literature [5], 4-3-4, 3-5-3 and 5-5-5 piecewise
polynomials are respectively selected to interpolate the trajectories in joint space, and
the continuity, maximum and whether there is a limit of multi-order derivatives of differ-
ent polynomials are analyzed. The results show that 4-3-4 piecewise polynomials have
certain advantages in motion period and acceleration control.

In this paper, the dynamic picking and dropping trajectory planning problem of the
manipulator will be transformed into a nonlinear mathematical model according to the
optimization needs of Delta manipulator in operating time and mechanical vibration.
Based on the characteristics of Gravitational Search Algorithm (GSA), which is easy
to realize and it has strong global Search ability, a Fuzzy Parameter gravitation search
Algorithm (FPGSA) designed by Fuzzy control parameters is proposed to balance the
convergence speed and global Search ability of the Algorithm. The nonlinear mathemat-
ical model is solved by gravity search algorithm before and after optimization, and the
optimal solution of trajectory planning problem is obtained respectively.

2 Kinematic Analysis of the Delta Manipulator

2.1 Analysis of Configuration

The positive and negative solutions of Delta manipulator position are to obtain the spe-
cific mapping relationship between joint Angle and actuator displacement. The specific
position of the actuator is the positive solution of the mechanism. On the contrary, joint
Angle is obtained based on the position of the end-effector, which is the inverse solution
of the mechanism [3]. Figure 1 is a simplified schematic diagram of the structure of the
common Delta manipulator, which consists of a moving platform with end-effector, a
static platform with fixed robot position, three active rods and the corresponding three
groups of follower rods.

Fig. 1. Structure diagram of Delta parallel manipulator
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2.2 Workspace Analysis

The workspace of the Delta manipulator actuator is the intersection of the activity space
of eachmoving branch chain, which is an important indicator of robot mechanism design
[7]. In the workspace, a reasonable motion region is divided for dynamic pick up and
drop, so as to provide a basic environment for actuator trajectory planning. Analysis
formula (1), if there is a solution to this equation, then:

(2a)2 − 4(c − b)(b + c) ≥ 0 (1)

c2 -
(
a2 + b2

)
≤ 0 (2)

Relevant parameters in Eq. (3) are substituted into Eq. (5) to obtain:

Ki(x,y,z)= [(xpcosαi+ypsinαi− � r)2+ (xpsinαi − ypcosαi)
2 + z2p + l2 − m2]2

− 4l2
[
( � r − xpcosαi − ypsinαi)

2 + z2p
]

≤ 0 (3)

When inequality (3) is 0, it represents the boundary of the workspace. Because of the
uniform Angle distribution of the three moving branch chains of the Delta manipulator,
the rotating coordinate system Ti(xi,yi,zi) is established. The position of point P in the
coordinate system Ti is:

⎧⎪⎨
⎪⎩

xip = xcosαi + ysinαi
yip= − xsinαi + ycosαi

zip = z
(4)

Theαi= 2i - 2
3 π (i = 1,2,3), in the coordinate systemTi, space boundaryKi(x,y,z) = 0,

after finishing can be simplified as:

[
l2−

√(
xip− � r

)2+zi2p

]2

+ yi2p = m2 (5)

Equation (4) is the intersection of three standard toris equations. A calculation exam-
ple is selected to draw theworkspace of theDeltamanipulator inMATLAB.The structure
of the Delta manipulator and the parameters of joint rotation Angle are shown in Table 1.

The parameters of the Delta manipulator in Table 1 are imported into the space
solution program to obtain the 3d space scope of the working area, as shown in Fig. 2.
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Table 1. Basic parameters of the Delta manipulator

Parameter Figure

Radius of static platform (mm) 290

Length of driving rod (mm) 260

Length of follower (mm) 850

Radius of Moving platform (mm) 50

Range of joint angles (°) 2.9–112.6

Fig. 2. Schematic diagram of Delta manipulator operating area

3 Gravity Search Algorithm Based on Fuzzy Control

3.1 GSA

GSA is a swarm intelligence optimization search algorithm proposed by Rashedi et al.
[10]. Based on the law of universal gravitation and Newton’s second law of motion,
which USES particle motion to represent the solution process. It is widely used in
communication systems, digital image processing and energy analysis [11]. The position
of particles in the gravitational search algorithm corresponds to the solution of the
optimization problem. Under the action of gravity, particles with a large mass attract
other particles, which gradually gather from the disordered state to the point with a large
mass, and finally gather to the optimal solution region [12]. Select an optimizationmodel
of d-dimensional space and update the position, velocity and acceleration of particle I
in the d-dimensional by using Eqs. (6)–(8):

vdi (t + 1) = randi × vdi (t) + adi (t) (6)

xdi (t+1)= xdi (t)+v
d
i (t+1) (7)

adi (t)= Fdi (t)/Mpi(t) (8)

Fd
i (t) is the magnitude of the force exerted on particle i in d dimension, Mpi(t) is

the inertial mass of particle i.

Fd
i (t) =

∑N

j∈kbest,j�=i
randjF

d
ij (t) (9)
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Fd
ij (t) = G(t)

Mpi(t) × Mai(t)

Rij(t) + ε
(xdj (t) − xdi (t)) (10)

Fdij(t) is the gravitational attraction of particle

j on particle i. G(t) = G0e−αt/T(α = 20G0 = 100),Rij(t), is the Euclidean distance
between individual i and individual j, is a small value constant. The inertial mass of
particle i is solved as follows:

mi(t) = fiti(t)−worst(t)

best(t)−worst(t)
(11)

Mi(t) = mi(t)/
∑N

i=1
mi(t) (12)

fiti(t) is the fitness function of particle i at time t, and best(t) and worst(t) are the optimal
fitness value and the worst fitness value. The fitness function can be set as:

best(t) = min
i=1, 2, ...,N

fitj(t) (13)

worst(t) = max
i = 1,2,...,N

fitj(t) (14)

Information betweenGSAparticles is transmitted by the law of universal gravitation,
whichhas strongglobal search ability.But the local search ability is poor, the convergence
is not ideal, through the optimization of the algorithm flow design, to make it more
suitable for the problem.

3.2 FPGSA

The gravitational constant G can be regarded as the search step of the algorithm, and
its change has an impact on the convergence speed of the algorithm. The selection of
G value is related to the location of the optimal solution and the range of the solution
set, which cannot be obtained based on the qualitative index, otherwise the algorithm
cannot effectively deal with the fuzzy problem. Due to the uncertainty of the value of
parameter G, fuzzy control is carried out. Fuzzy control is a nonlinear control strat-
egy commonly used in automatic control systems, which mainly includes input fuzzy,
deductive reasoning and fuzzy decision [13]. The corresponding specific steps are as
follows:

(1) The input is determined by the number of iterations it. Last iteration parameter
α(it-1), richness RN and development level AN, the output is the value of this iter-
ation α. Richness RN represents the position distribution of the population within
the solution range. A higher population richness can prevent the algorithm from
falling into the local optimal solution in the iterative process, which can be obtained
according to Eq. (15):

RN = (
∑N

i=1

√∑D

j=1
(X it

ij − X
it
j )

2)/(N × RL) (15)
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Where N is the number of individuals in a population, D is the dimension of the

particle, the
−
X said individual distribution center, the RL is the distance between two

most remote particle in a population. The value range of RN is (0,1). The larger the value
of RN is, the more abundant the population is. Design development level AN by fitness
function:

AN = (fa(it − 1) − fa(it))/fa(it) (16)

f a(it-1), f a(it) is the averagevalueof the it-1, it iteration adaptationvalue. In theminimum
value problem, when the value of AN is positive, the population development is high and
the algorithm tends to the optimal solution gradually. When the value of AN is negative,
the direction of the algorithm deviates from the optimal solution.

(2) Deductive reasoning, the subset characteristics of fuzzy control are not obvious.
In order to accurately describe the characteristics of group changes, membership
degrees of up, medium and low are set.

Table 2 shows the corresponding relationship between the value range and member-
ship of RN , AN , it and the value range of matrix (t-1).

Table 2. Values and grades of various parameters

Level RN AN it α(t-1)

Low (0, 0.5) (−∞, 0) (0,
15)

(10,
15)

Medium – – [15,
25]

[15,
20]

Up (0.5, 1) [0, +∞) (25,
30)

(20,
25)

(3) Fuzzy decision, parametric fuzzy processing rules (Table 3).

Table 3. Values and grades of various parameters

Rules a b c d

Condition RN Low Low Up Up

AN Up Low Up Low

it Low Medium Up Up

Result α(t) Low Medium Medium Up
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The interpretation of fuzzy control rules is as follows:
Rule a: In the early stage of the algorithm, if the population development level is

high but the richness is low, and the local optimal solution may appear, then the value of
the parameter decreases to reduce the convergence speed and improve the global search
ability of the algorithm.

Rule b: If the population richness is low and the development level is low in the
middle of the algorithm, then the value of parameter order decreases to increase the
population richness and ensure the global search ability of the algorithm;

Rule c: If the population richness is high and the development trend is good at the
later stage of the algorithm, then the value of parameter order should be further increased
to promote the algorithm solution and improve the efficiency of the algorithm.

Rule d: If the population richness is high but the development level is low and the
algorithm convergence rate is low at the later stage of the algorithm, then the value of
parameter order is increased to speed up the algorithm convergence rate.

4 Trajectory Optimization Simulation

4.1 Parameter Settings

Set Delta manipulator dynamic up path for 25 mm, 305 mm long class door font path,
combined with Fig. 4 describes the Delta manipulator workspace, set actuator center
point P on the pick up point coordinates of PA, placed the coordinates of the point of
PD, on the motion path to select two points P1, P2, the unit is mm, end get cartesian
space location discrete sequence. The coordinates are pick points (140, −90, −850)
intermediate points (100, −60, −825) intermediate points (−64, 63, −825) placement
points (−104, 93, −850). The size parameter and the position of the actuator were
substituted into the position inverse solution model to solve the rotation Angle of the
driving joint corresponding to each trajectory point, as shown in Table 4.

Table 4. Joint space Angle discrete virtual sequence

Diversion (degree) θ1 θ2 θ3

Picking point 0.3109 0.9017 0.5979

Intermediate point 0.2808 0.7125 0.4976

Intermediate point 0.6234 0.2984 0.5372

Placement point 0.8049 0.3087 0.6547

4.2 Analysis of Simulation Results

In this paper, MatlabR2012a was used for simulation. GSA and FPGSA were used to
solve themotion trajectory planningmodel respectively, and the single operation duration
t (half movement cycle) and acceleration range were obtained. The single operation time



8 Q. Zu et al.

was processed to obtain the optimal and average single operation time and standard beat
time (CPM) in the optimal solution. The movement trajectory results are shown in Table
5.

Table 5. Trajectory planning results

Algorithm tmin (S) CPMmax tavg (S) CPMavg Jmin/105 (rad/s3)

GSA 0.1795 167 0.1853 162 0.2411

FGSA 0.1726 174 0.1786 168 0.2845

Theminimum time of a single operation forGAS and FGSAwas 0.1795 s and 0.1726
s, respectively, and the corresponding standard time beats were 167CPM and 174CPM,
respectively. The mean standard time of FGSAwas 3.7% higher than GSA. Under the 5-
3-5 multi-stage polynomial velocity rule design, the Angle, angular velocity and angular
acceleration curves of the motion trajectory under the optimal solution obtained based
on FGSA are shown in Figs. 3, 4, 5 and 6.

Fig. 3. Joint Angle variation curve based on FGSA

Fig. 4. The variation curve of joint velocity based on FGSA

The kinematic trajectories obtained based on FGSA are smooth and continuous, with
no mutation point in velocity transformation and the range of acceleration variation is
effectively controlled. Through the change of the acceleration curve of the three joints,
the change amplitude of the acceleration is obtained. The smaller the amplitude of
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Fig. 5. Curve of joint acceleration based on FGSA

Fig. 6. Curve of joint acceleration based on FGSA

acceleration change, themore obvious the effect of the optimizedmotion trajectory on the
vibration suppression of the mechanism, the better the stability of the motion planning,
which ismore conducive to the picking and lifting operation of theDeltamanipulator. The
objectives of operational planning include motion cycle length control and mechanism
vibration suppression, adjust the weight coefficient of planning objectives, and analyze
the influence between motion cycle reduction and vibration suppression effect. The
changes of k1 and k2 values are shown in Table 6.

Table 6. The values of k1, k2

Group 1 2 3 4 5

k1 0.85 0.8 0.75 0.7 0.65

k2 0.15 0.2 0.25 0.3 0.35

The weight coefficients of each group were substituted into the objective function
of the algorithm to obtain the change curves of single operation time and acceleration
under different weight coefficient value groups, as shown in Fig. 7.

From Fig. 7, it can be found that there is a dual relationship between motion period
reduction and vibration suppression. When the weight coefficient of the motion period
is higher, the amplitude of acceleration change is larger, indicating that the vibration
suppression effect is normal. When the weight coefficient of vibration suppression is
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Fig. 7. Curve of single operation time and acceleration change

high, the single operation time increases, the velocity of motion trajectory planning
decreases and the operation efficiency decreases. Therefore, there are high requirements
for the movement cycle of the Delta manipulator, and when the requirements for the
pick and drop smoothness are low, k1 value in the target planning is large. The stability
of the picking and lifting operation of the Delta manipulator is high. When the operation
time is loose, k2 value in the target program is large.

5 Conclusion

The design which based on the 5-3-5 multi-stage polynomial in the Delta manipulator
joint angular velocity and angular acceleration can achieve the performance constraints of
the manipulator extreme value, and at the same time, the displacement, velocity curve is
continuous smooth, it ensure the stability of the manipulator in the picking up operation.
The motion cycle of FGSA is shorter and the vibration suppression effect is better than
that of GSA, which proves the validity of FGSA. By analyzing the relationship between
motion cycle reduction and vibration suppression effect in object programming, the
motion trajectory model can meet the demand of dynamic pick up and drop trajectory
of the Delta manipulator under various working conditions.

References

1. Dong, G.: The position and trend of chinese industrial robots in the global value Chain. China
Sci. Technol. Forum 2016(3), 49–54+118 (2016)

2. Constantinescu, D., Croft, E.A.: Smooth and time-optimal trajectory planning for industrial
manipulators along specified paths. J. Field Robot. 17(5), 233–249 (2015)

3. Na, W., Dongqing, W., Zhiyong, Z.: Kinematics analysis and trajectory planning of a 3 DOF
Delta parallel manipulator. J. Qingdao Univ. (Eng. Technol. Edition) 32(1), 63–68 (2017)

4. Su, T., Zhang, H., Wang, Y., et al.: Trajectory planning method of Delta robot based on PH
curve. Robot 40(1), 46–55 (2018)

5. Yu, F.: Research on Motion Control System of Two-DOF Translational Parallel Manipulator.
China Jiliang University (2016)

6. Wu, X., Qi, M., Ma, C., et al.: Application of Integrated Drive Control Technology on Delta
Robot. Mechanical Science and Technology (2018)



Dynamic Pick and Place Trajectory of Delta Parallel Manipulator 11

7. Wengang, Q., Lei, W., Tianbi, Q.: Singularity analysis and space study of a three-DOF Delta
robot. Mach. Tools Hydraulics 46(9), 61–64 (2018)

8. Jiangping, M., Jiawei, Z., Zhengyu, Q., et al.: Trajectory planning method of three-degree-
of-freedom Delta parallel manipulator. J. Mech. Eng. 52(19), 9–17 (2016)

9. Li, S.,J., Feng, Y., et al.: Review of Research on Articulated Industrial Robot Trajectory
Planning. Computer Engineering and Applications (2018)

10. Rashedi, E., Nezamabadi-Pour, H., Saryazdi, S.: GSA: a gravitational search algorithm. Inf.
Sci. 179(13), 2232–2248 (2009)

11. Siddiquea, N., Adelib, H.: Applications of gravitational search algorithm in engineering. J.
Civil Eng. Manage. 22(8), 981–990 (2016)

12. Qingyu, L., Xiaoming, Z.: A gravitational search algorithm with adaptive hybrid mutation. J.
Chongqing Normal Univ. (Natural Science Edition) 03, 91–96 (2017)

13. Shi, S.,Wang, X., Cao, C., et al.: Adaptive fuzzy classifier with regular number determination.
J. Xidian University (Natural Science Edition), 2017 (2) (2017)


	Dynamic Pick and Place Trajectory of Delta Parallel Manipulator
	1 Preface
	2 Kinematic Analysis of the Delta Manipulator
	2.1 Analysis of Configuration
	2.2 Workspace Analysis

	3 Gravity Search Algorithm Based on Fuzzy Control
	3.1 GSA
	3.2 FPGSA

	4 Trajectory Optimization Simulation
	4.1 Parameter Settings
	4.2 Analysis of Simulation Results

	5 Conclusion
	References




