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Introduction 

 

The he concept of Soft Computing was developed in the year 

around 1990. Soft Computing techniques are designed to model 

and exploit the solutions to real world problems. As the opposite 

concept of Soft Computing, Hard Computing requires precise 

model with exact input data and just produces precise answers. In 

engineering researches, the system with complexity, 

disturbances, nonlinearity, or time variation commonly requires 

the computing techniques that provide a certain tolerance to 

uncertainty, imprecision, and partial truth. Soft Computing can 

keep robustness, low solution cost, and flexibility to tackle such 

engineering problems. 

 Flexible manipulator own many outstanding characteristics 

comparing with the normal rigid manipulator such as light 

weight, low production cost, easy miniaturization, the 

characteristic of elastic energy storage, and better energy 

utilization efficiency. For these advantages, the manipulator with 

flexible structure have drawn extensive attention on many 

aspects and applications such as handling radiation infected 

waste of nuclear power plant, precision measure instrument, and 

manipulator equipped on space shuttle. Fast motion control of 

the flexible arms is more difficult than that of rigid arms for 

involving some problems on position trajectory and vibration 

suppression. And there are challenging tasks for control of 

flexible manipulator comparing with that of the existing rigid 

manipulator. Amount of researches focus on the aspect which is 

commonly to control the performance of the flexible 

manipulator; however this research mainly pays attention for 

utilizing the flexible manipulator’s elastic energy more 

effectively through the Soft Computing strategy. Then it is 

necessary to design the proper control strategy for better elastic 

energy utilizing performance.    

 In order to research the elastic energy of the flexible 

manipulator, this thesis investigates a ball throwing robot design 

with one rigid link and one flexible link. This manipulator is 

made for throwing a ball with motor torques and at the same time 

by utilizing the elastic energy of the flexible manipulator. Then 

for utilizing the elastic energy of this flexible manipulator more 

efficiently, this dissertation consists of the four parts as follows: 

Firstly, the frame structure and model of the ball throwing 

manipulator are invented with considering the bending 

deformation of the flexible link. The system model is built up on 

the design requirements. Then the proper control torques are 

designed and tested through the proposed simulation models. 

And the profile pattern of each torque is determined through Soft 

Computing approaches. Thirdly, the residual vibration is 

generated after ball has been thrown from manipulator. The  

In figure 1 (b), it shows the position vectors of the 

manipulator system. Here, r1g, r2g and r4g represent the position 

vibration of the flexible manipulator needs to be suppressed 

with some control strategies. Finally, the simulations and 

experiments were operated to validate the theoretical 

derivation of the model, performance of the designed control 

inputs, and also the effect of the residual vibration 

suppression. 
 
 
System Model 
 
Figure 1 shows the model of the flexible manipulator 

discussed in this paper. The model consists of a rigid link fixed 

on a hub where rotational coordinates O1-x1y1 is fixed on the 

hub 1 and a flexible beam fixed on hub 2 where rotational 

coordinates O2-x2y2 is fixed on the hub 2. A ball holder which 

is used to hold a ball is fixed on extreme end of the flexible 

part of the manipulator. The global coordinates O-XY denotes 

the inertial reference frame. The angles θ1 and θ2 represents 

the rotational angles of the rigid link relative to the inertial 

reference frame and the flexible link relative to the coordinate 

O1-x1y1 under the control torques τ1 and τ2, respectively. On 

both sides of the flexible beam, it is reinforced through the 

FRP sheets. In this model, ν(x,t) represents the displacement 

due to a deflection at an arbitrary point x of the flexible link.  

 

 
Figure 1. Model of a ball throwing robot 



vectors of the gravity center for the rigid link, the second hub, 

and ball holder, respectively. Similarity, r3g (x) is the position 

vector of the infinitesimal element at position x of the flexible 

link. 

Figure 1 just represents the condition of holding a ball. 

Indeed the whole process for a ball pitching motion is shown as 

Figure 2. Besides model 1 (Figure 2 (a)) is same as in Figure 1, 

and model 2 shown in Figure 2 (b) is the model after throwing 

motion. 

 

 
Figure 2. Throwing motion of manipulator 

 

 

Control Torque Optimization 

 

In order to fulfill a proper throwing motion which means to 

realize a certain pitching speed with better energy efficiency for 

actuating, we need to obtain the optimal control torque profile 

through the optimization algorithm. In this section, the PSO 

algorithm is introduced for optimizing the torque profile which 

actuates the two links. 

In 1995, Kenney and Eberhart developed a new evolutionary 

computation technique named Particle Swarm Optimization 

(PSO). The particle swarm concept originated as a simulation of 

a simplified social system. The original purpose of algorithm was 

to simulate the graceful but unpredictable choreography of a bird 

flock. The PSO is similar to the genetic algorithm (GA). For 

example, the system is initialized with a population of random 

solutions. Each random solution of PSO is assigned a 

randomized velocity and these random solutions, called 

“particles”, and then they are “flown” through the problem space. 

The basic PSO has been used for solving some problems such as 

the optimization of the feedback controller for the flexible 

manipulator and seismic control optimization of the building. 

A flowchart for implementing the basic PSO is shown as 

figure 3. In a problem space, each particle keeps track of its 

coordinates and the algorithm searches the problem space with 

the best solution which has been achieved so far, and this 

temporary solution is named as “pbest”. Another “best” solution 

that is tracked by the global version of the particle swarm 

optimizer is the overall best solution, and its location, obtained 

so far by a particle in the population. This location is called 

“gbest”. 

The basic PSO algorithm can operate the problems which 

subject to one objective function. And for the problems with one 

objective function, commonly the basic PSO algorithm can work 

well. In our former paper [1], we used this algorithm to the 

research. Indeed the cost function in our former research 

contained three objective functions. In order to apply the basic 

PSO algorithm to our current problem, we could assign the 

proper weight factor with each objective function to combine all 

of them into a single comprehensive one. 

 

 
Figure 3. Flowchart of the basic PSO 

 

But this require the researcher own a well knowledge of the 

problem to decide and tune the weight factors appropriately. 

Even for the well knowledge researchers, the weight factors 

must be tuned for a long time to obtain the appropriate results. 

So the common methodology for our problem tends to tackle 

the multiple objective functions separately with multi-

objective PSO algorithm. 

For Multi-objective Optimization (MO) problems, Parso-

poulos and Vrahatis [2-4] introduce Vector Evaluated Particle 

Swarm Optimization (VEPSO) as a multi-swarm PSO strategy 

to search for the solution. Then it was developed to a parallel 

implementation algorithm. 

 

 
Figure 4. Ring migration topology for n swarms 

 

Figure 4 shows a schematic diagram of VEPSO algorithm. For 

the structure of VEPSO algorithm, here we assume that it 

owns n swarms shown as S1, S2, …, Sn with size L. Each of 

them has its own objective function and all objective functions 

are optimized simultaneously. And for each swarm, it is 

evaluated according to its own objective function. Between 

different swarms, they exchange and share information of the 

individual findings. Finally, this proceeding directs the search 

towards optimal set Pareto solution. 

 



For each swarm of VEPSO, the parameters are permitted to 

be set according to its own condition. And the size or the number 

of particles for each swarm may differ. This ring structure can be 

viewed as a migration scheme. In this structure, the information 

of each swarm can be exchanged among different swarms and 

this scheme plays an important role in our VEPSO algorithm. If 

we focus on a swarm Sn, indeed the best position of swarm Sn-1 is 

inserted. 

For a simple basic PSO algorithm, the local minima position 

problem occurs frequently and the solution can be trapped easily 

for this problem. Moreover, in order to get an acceptable 

solution, some proper searching strategies need to be introduced. 

In nature, Chaos is a general nonlinear phenomenon. The chaos 

behavior shows nearly stochastic phenomenon. Randomness, 

ergodicity, and regularity are the outstanding characteristics for 

the chaos internal structure [5]. For common PSO algorithm, the 

diversity of the swarm can be lost sharply and the algorithm 

arrives at the local minima position easily. However the chaos 

strategy introduced in the program can maintain the diversity of 

the swarms and avoid them decreased sharply. So the 

optimization algorithm combined with chaos strategy owns much 

better performance of escaping out of the local minima position 

than others. 

Through introducing the chaos mapping strategy, the 

CEVEPSO algorithm can escape out of some local minima trap. 

And also the optimal program can search the solution more 

simply and efficiently comparing with other optimal method. 

 

 

Optimization Result through CEVEPSO 

 

In this section, we try to employ the CEVEPSO algorithm for 

fulfilling our goal, which is to design and optimize the pitching 

manipulator. 

For this manipulator, the input with sinusoidal-form profile is 

utilized for each control torque of the link to generate the 

optimized input. We can also apply other kinds of input profile to 

the manipulator, however in order to keep the manipulator stable 

or not to make the control output changing sharply on some time 

points, the sinusoidal-form profile was selected for this research. 

We control the amplitudes and time periods of the sinusoidal-

waves for confirming the profiles of the torques. So the 

amplitudes and time periods are the parameters needed to be 

optimized through optimization algorithm. 

The flexible link of the manipulator is designed as a kind of 

composite material which is the steel beam reinforced by the 

FRP material. In this paper, we attached two layers of FRP 

material on each side of the beam as Figure 5. Here θ1, θ2, θ3, and 

θ4 are the angles between the fiber direction and X axis for each 

layer. 

In order to utilize the storage energy through the flexible 

beam deformation and make the releasing motion more 

efficiently, we changed the fiber directions to obtain different 

Young’s modulus which can realize different deformation on 

different bending direction. For example, before releasing the 

ball, the beam should be deformed larger to storage the energy 

for increasing the releasing speed of the ball. If the beam’s 

maximum deformation on the opposite direction of ball releasing 

is larger than that on the releasing direction, the beam can own 

more storage energy before releasing and utilize the energy more 

efficiently. We used three cost functions to evaluate the particles  

 
Figure 5. FRP beam of the flexible link 

 
in their former research [6], but the objective functions were in 

conflict with each other. If the objective functions are in 

conflict with each other (for example, when the value of the 

first cost function decreases, the value of the second one will 

increase. And the same condition happens between the second 

and the third or the third and the first ones), then the task of 

the optimization algorithm becomes to search the Pareto Front 

which is the set of all non-dominated solutions of the problem 

[7]. Even though CEVEPSO could approach the Pareto Front 

for solving the problem in the former research, it was not easy 

to search sufficient solutions for forming the Pareto Front to 

this problem. So in the current research, we try to convert the 

cost functions which are not in conflict with each other. 

After applying CEVEPSO algorithm, the cost value of 

each fitness function is shown as Figure 6. The first plot shows 

optimal condition of one cost function J1. The horizontal axis 

is the generation of the optimal algorithm with cost value J1 of 

the vertical axis. We can see the optimal algorithm works well 

and the fitness value decreased with the generation number 

increasing. Then after the 40th generation, the fitness value J1 

becomes stable. The second plot represents the variation 

tendency of the fitness value J2 with the horizontal axis 

“generation” and vertical axis “fitness value J2”. We find the 

cost value of J2 can be minimized with J1 simultaneously, and 

this value becomes stable after 30th generation. For the first 

two plots, the cost values become stable for both fitness 

functions after 40 th generation. So we can find a set of 

solutions for this problem after 40th generation. We use 50th 

generation for following simulation. The third plot shows the 

variation condition of the fitness values J1 and J2 on a fitness 

value space. We wish to minimize both J1 and J2 at the same 

 

 
Figure 6. Fitness values of cost functions J1 and J2 



time, so the spot on this space should approach the zero point as 

nearly as possible (but it can’t go to the zero point). On the third 

plot, the value spot of the 1st generation locates on the extreme 

right side of the fitness value space. With the generation 

increasing, the value spot moves to the bottom left direction and 

try to approach the original point. Finally, the value spot stops on 

one location of the fitness value space and this location owns the 

most minimal distance from the zero point comparing with other 

locations which it passed. So we can say this location is the 

optimal position for our problem and the solution of this position 

is the optimal solution of this problem. 

 As we mentioned in the introduction part of this paper, for the 

manipulator with the flexible link, the vibration control strategy 

is much necessary for keeping the performance and accuracy of 

the flexible manipulator. The above optimization work is used to 

design the control torques used in the process shown as Figure 2 

(a), then after the ball pitching, the residual vibration will occur 

due to the sudden mass loss from the payload and flexibility of 

the manipulator. In the following process shown as Figure 2 (b), 

we also need to design the control torques for residual vibration 

suppression. So in the next section, the control strategy used for 

vibration suppression in “after pitching motion” process is 

presented. 

  

 

Input Shaping Technique for Residual Vibration 
Suppression 
 
There are many researches on the vibration control of the flexible 

manipulator. And among them most of the control strategies are 

feed-back controls. But for feed-back control, it requires an 

additional sensor for gathering the vibration signals which can 

also introduce much disturbance signals at the same time. In 

order to get the proper control output, the hardware for control 

should calculate the results in time, then this requires the 

equipment owns higher performance especially for the system 

with complex model (even in the simulator, feed-forward control 

have quicker response performance than feed-back one). Also for 

real experiment, sometimes feed-back controller generates the 

unrealistic command due to the uncertainty in practical situation; 

even we can get a proper control in simulation. So owing to 

above reasons, we introduced the input shaping technique which 

is a kind of typical feed-forward controls as the torque design 

strategy in after pitching motion shown as Figure 2 (b). 

   

 
Figure 7. Vibration suppression through ZVD shaper 

 

Input shaping is a kind of feed-forward control method and 

is an effective way to optimize the performance of robots, 

flexible structures, spacecraft, telescopes, and other systems 

that have vibration, control authority, tracking, and pointing 

constraints. These constraints along with the dynamics and 

kinematics of the system under consideration can be included 

in a trajectory optimization or path planning procedure to 

ensure that the system satisfies the desired performance. 

 Figure 7 shows the vibration suppression result of the 

flexible beam under the ZVD shaper. Here the input torque 

modified by ZVD shaper is the sinusoidal form torque 

optimized in the third section (which torque parameters are 

[0.52, 0.53, 2.82, 1.09, 0.85, 1.08, 0.45, 0.84] ) and the fiber 

angle of each FRP layer is also the optimized one shown in 

section three ( which laminator angles for each layer of FRP 

are [55.5∘, 49.8∘, 74.1∘, 67.8∘] ) . The pink dash line is 

condition without any vibration suppression strategy. The blue 

solid line is the result in which input torque is modified 

through the ZVD shaper. The (a), (b), (c), and (d) plots show 

the angles and angular velocities of the second link, strains of 

the flexible link at 0.15 m which is measured from the second 

hub, and torques of the second link. The residual vibration of 

the flexible link has been reduced to some extent (from plot 

(e), it can be found that the residual vibration is reduced), but 

some amount of time lag has also been introduced to the 

system which is the price for vibration suppression. Indeed this 

time delay is not so long. It is so obvious in the strain data 

plot, but the lag is about 0.15s averagely. If we hope to narrow 

the lag gap between the original and control systems, we can 

use just ZV shaper. But the price is the low robustness of the 

system which means we need to get the system parameters so 

exactly. In practical condition, this is too difficult to realize. 

Another method is to design the control torque through the 

infinite impulse filter which is also a kind of input shaping 

technique. But this filter is in progress 

 
 
Experiments 

 

Experiments are introduced to verify the validity of the system 

model accuracy, optimization results, and the performance of 

the vibration control strategy in the former sections. The real 

experimental setting is shown in Figure 8. 

The manipulator consists of a rigid link, a flexible link 

with a ball holder on the extreme end of the beam, and two 

rotational joints. 

 

 Experimental Verifications for System Models 

In this part, the experiments are operated to verify the validity 

of the models built up in the second section. The control 

torques are the optimal ones which are got through CEVEPSO 

(which torque parameters are [0.52, 0.53, 2.82, 1.09, 0.85, 

1.08, 0.45, 0.84]) and the structure is also the optimized one 

(which structure angles for each layer of FRP are [55.5∘, 49.8∘, 

74.1∘, 67.8∘]). 

The comparison of results between experiment and 

simulation are shown in Figure 9 and Figure 10. Figure 9 is the 

result when the manipulator does not take the payload (ball). 

And Figure 10 is the condition when the manipulator has the 

payload. 



 

 
Figure 8. Experimental setting 

 
 

 

 
Figure 9. Comparison between simulation and experiment without ball 

 
 
 

 

Figure 10. Comparison between simulation and experiment with ball 

 

The solid blue lines depict the experimental data and the 

broken pink line show the simulation results. The cyan and 

green solid lines in (f) plots of Figure 9 and Figure 10 are the 

actuating torques of first and second links of the manipulator. 

Figures (a) and (c) plot the angles and angular velocities for 

the first link; (b) and (d) plots are the angles and angular 

velocities of the second link; (e) plot is the strain for the 

flexible link. The errors between experiment and simulation 

exist, but it can be accepted in a certain extent. The friction 

factors of the real device own nonlinear relationship to rotation 

speed; however in the simulation, the constant friction factors 

are used. Also some influence factors like temperature and 

binding material between the FRP sheets can make the 

parameters of the flexible beam hard to be measured 

accurately. All of these factors introduce the errors between 

experiment data and simulation. 

 

 Experimental Verification for CEVEPSO 

In order to verify the optimal results of CEVEPSO, we 

randomly select some parameters within the solution range of 

the algorithm and compare the results with the optimal one. 

Owing to the limitation of the time and materials, we choose 

four random groups of structure and check their results 

comparing with the optimal one for beam structure. 

The FRP fiber directions for test are listed as following 

instruction. Group A are [24.9∘, 4.15∘, 8.75∘, 74.11∘]; Group B 

are [62.5∘, 28.5∘, 85.5∘, 9.1∘]; Group C are [39.5∘, 34.3∘, 68.8∘, 

71.5∘]; Group D are [16.8∘, 44.1∘, 40.0∘, 58.17∘]; Optimal 

Group are [55.5∘, 49.8∘, 74.1∘, 67.8∘]. And Figure 11 shows the 

experimental testing result of these five groups under the 

optimal torque inputs ([0.52, 0.53, 2.82, 1.09, 0.85, 1.08, 0.45, 

0.84]). The x axis is the releasing speed of the ball and y axis 

indicates the bending ratio which is the ratio of the flexible 

deformation between bend backward and forward. The higher 

ration makes better energy utility efficiency of the deformation 

energy. The optimal group owns the best releasing speed 

comparing with other group and better bending ratio within all 

groups except for group D. Group D owns a higher ratio, but 

the releasing speed is the lowest among all of these groups. So 

the optimal group makes the best performance in this testing 

experiment. 

 

 
Figure 11. Testing result for beam structures 

 



Next the optimal torques is tested. Like the structure test, 

six groups of torque inputs are selected randomly. In the 

following, it lists the testing groups of control torques. From 

Group 1 to 6, they are [2.12, 1.39, 0.75, 1.40, 0.66, 0.50, 0.35, 

1.00], [2.41, 1.46, 0.81, 1.46, 0.96, 0.93, 0.82, 0.55], [1.34, 1.40, 

2.08, 1.45, 0.69, 0.43, 0.86, 1.42], [1.85, 1.23, 1.98, 0.83, 0.68, 

0.58, 0.73, 0.43], [1.05, 0.45, 0.69, 1.30, 0.72, 0.74, 0.95, 0.43], 

and [1.37, 0.81, 2.03, 1.27, 0.26, 0.93, 0.50, 1.11]. The testing 

result under optimal structure is shown as Figure 12. The optimal 

group shows the best performance both on releasing speed and 

bending ratio among all of the testing groups. So the Optimal 

solution obtained by the CEVEPSO algorithm is acceptable 

through this part of experiment. 

 

 Experiment for Residual Vibration Suppression 

The performance of the input shaper introduced in the fourth 

section is evaluated in this part. Figure 16 shows the result which 

the manipulator is actuated by the optimal control torque and 

modified one through ZVD input shaper. The left plot shows the 

strain of the flexible beam and the right plot represents the 

control profiles for the flexible link. The blue solid line is 

experiment data without any control strategy and the pink dash 

line shows the experiment result when the control profile is 

modified through the ZVD shaper. The result shows that the 

input shaper can smooth the deformation and reduce the residual 

vibration after ball releasing to a certain extent. As the 

simulation, the designed control profile modified by the ZVD 

shaper can work properly in the realistic manipulator. But the 

price is to reduce some peak values and introduce a certain time 

delay to the system that we also can find in the simulation result. 

 

 
Figure 12. Testing result for torque 

 

 
Figure 13. Experiment for input shaper 

Conclusions 
 

his paper designed a ball throwing manipulator with one 

flexible link, and derived the state equation for it. In order to 

obtain the proper control torques and structure for this 

manipulator, we designed a sinusoidal input torque-profile and 

the FRP structure. Then the CEVEPSO algorithm was 

introduce to optimize the governing parameters for the control 

torques and the FRP structure. For the residual vibration of the 

flexible structure after throwing, the input shaping technique 

was applied. We used the ZVD shaper for vibration 

suppression. It can suppress the system vibration to some 

extent; however a certain time lag and amplitude attenuation 

are the price. In the fifth section, we built up an experimental 

manipulator to verify the system models we derived. Then the 

solution of CEVEPSO algorithm is checked. Finally we 

evaluated the performance of the input shaper in the real 

experimental device. 
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