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Abstract —The clinical medical application of three dimensional (3D) printing is popular among scientific researchers at home and 

abroad in recent years. In order to improve the prototyping quality and the activity of vascular 3D printing, according to the high 

precision double nozzle six axis vascular 3D printing equipment developed independently, the subject mainly studies on temperature 

field control of forming region by researching design and simulation calculation of the temperature field, the temperature control 

process, BECKHOFF temperature self-tuning PID algorithm and the program redevelopment based on self-tuning fuzzy PID 

algorithm. SIMULINK software was used to simulate the program redevelopment based on the BECKHOFF temperature control, 

and the results show that by compared with the self-tuning PID control, the robustness and the dynamic & static performance has a 

great improvement. When the temperature field reaches the stable state, delay time is 12s, steady time is 310s, overshoot is 1.2% and 

the anti-interference ability has been enhanced significantly. The experimental date indicates that this program redevelopment can 

effectively meet the temperature requirements of the vascular rapid prototyping. 
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I. INTRODUCTION 

Compared with milling, lathe, grinding, planning, casting 

and other traditional processing reduction material 

manufacturing technology, three dimensional (3D) printing 

is also called Additive Manufacturing (AM) or Rapid 

Prototyping (RP). 3D printing is an advanced 

manufacturing technology with the big significance of the 

industrial revolution rise in recent 30 years and has received 

more and more attention [1]. The forming principle based 

on the manufacturing ideas of discrete accumulation 

forming, directly driven by computer 3D digital model, 

through the methods of hierarchical processing and super 

position forming to print a real object by building up 

successive layers of material and can realize the  

complicated shape outline object. The technology has a 

broad market application prospect in mechanical 

engineering, clinical medical, industrial  

 

 

design, aerospace industry, construction engineering, art 

culture and so on [2]. 

The clinical medical application of 3D printing is a 

emerging technology that development based on the 

multidisciplinary cross fusion and makes the human organ 

and tissue regeneration dream come true [3].Now, the 

congenital diseases, cardio- vascular diseases, cancer, organ 

defects and other symptoms caused by industrial pollution, 

environmental pollution and traffic accidents has greatly 

promote the clinical application of human organs 3D 

printing [4]. According to the WHO statistics, in the whole 

world there are about nearly 20 million people died of heart 

disease each year, which claim the lives of millions of 

people in the Europe and America developed countries [5]. 

In our country, cardiovascular diseases keep increasing 

state year by year, tens of thousands of patients need 

artificial blood vessel and valve with vascular channels [6]. 

Revascularization not only is the basis of tissue 

regeneration, but also is the prerequisite for the clinical 
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medical to treat cardiovascular diseases and organ repair & 

transplantation. Using the 3D printing technology to rapid 

forming the transplantation vascular and vascular net repair 

material is becoming a popular direction for scientific 

researchers at home and abroad [7]. 

In the technology research and clinical application of 

vascular 3D printing, America and Germany and other 

developed countries are in a leading position, however 

China is still in the initial stage. The University of 

Pennsylvania MILLER  by casting method of composite 

load cell hydrogel forming tubular blood access 

[8].American Columbia University NOROTTE use the 

self-research biogel ball of 3D printing technology 

developed rapidly prototyping a no stent  small diameter 

vascular [9]. Germany Fraunh of research uses in 3D 

printing and “Multiphoton polymerization” rapid 

prototyping “vascular prosthesis” [10]. Singapore Nanyang 

Technology University LEONG by selective laser sintering 

manufacture stent structure [11]. Chinese Wuhan University 

Zhongnan Hospital vascular surgery uses the selectivity of 

liquid photosensitive resin curing technology to produce a 

selective tissue engineering venous valve stent model [12]. 

Organ manufacturing center in Tsinghua University formed 

the cell survival rate reached more than 90% of the 

three-dimensional structure of vascularization adipose 

tissue through compounding cell growth factor in the 

nutrient Fluid [13]. 

For the 3D printing of vascular and vascular net, the 

prototyping quality and the activity of vascular 3D printing 

still is an important barrier to the rapid prototyping and its 

clinical application [14]. In the overt relevant documents of 

rapid prototyping, for cell printing most of the emphasis on 

the low temperature environment, but did not explain the 

concrete control method of temperature field. Although the 

Fengchao team of Tsinghua University discloses a 

low-temperature ice type dispersed spray rapid prototyping 

on 3D printing, the accuracy of manufacture is not high and 

still remains to be further research on the application of 

vascular 3D printing [15]. In view of the high precision 

double nozzle six axis synergic control vascular 3D printing 

equipment which Cooperative R & D with the regenerative 

medicine research center of West China Hospital of 

Sichuan University, the subject studies on the control 

method of forming regional temperature field 

 II. DESIGN PROCESS 

The high precision double nozzles six axis vascular 3D 

printing equipment use the structure of Long men, in the X 

and Z directions,  two rotary motors driven by two linear 

motors and rotary motor drives two print nozzles. In the Y 

direction, the forming regional of vascular 3D printing is 

placed in the fixed platform of the linear motor, forming 

regional adopts hydraulic loop, firstly using the servo pump 

to make the nutrition into the microporous rotating rod, then 

microporous rotating rod throw out the nutrition driven by 

the servo motor, at the same time the nutrition back into the 

nutrition trough,  finally through the special print nozzle 

and microporous rotating rod to complete the effective 

package and  rapid prototyping of vascular cell printing 

under the temperature field control. Fixed platform Chooses 

the fast heat conduction aluminum material, the external 

jacketed insulation layer, the inner cavity using the access 

into the circulation of the constant temperature liquid 

medium slot design, around the forming regional design and 

install the semi-closed microporous steam cooling device, 

all loop pipe are choose corrosion resistant 316 stainless 

steel pipe and jacketed insulation layer in its external, in the 

hydraulic loop of microporous rotating rod exit end 

installation PT100 temperature sensor so that to make the 

temperature real-time collection and feedback for 

temperature field when printing cell. The forming regional 

3d structure diagram and the temperature field design of 

planar graph as shown in figure 1, 2, respectively. 
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Fig.1 3D Structure of Forming Regional 

 

 
Fig.2  Two-Dimensional Design Diagram of Temperature Field 

III. PREPARATION CONTROL PROCESS 

A.  Temperature Field Control Process 

Forming regional temperature field control theory is 

based on the metal aluminum good heat conduction and 

insulation layer good insulation effect, by receiving the 

real-time temperature signal collected by PT100 sensors 

and using PID control algorithm to real-time control liquid 

medium temperature of the external incubator, the liquid 

medium of incubator through the servo pump and pipeline 

loop to cycle access constant temperature liquid into 

platform, using heat conduction transfer heat to the forming 

regional. Because the forming regional has a small heat 

capacity and good heat insulation, the microporous rotating 

rod is φ10 mm×100 mm, so the heat conduction rate is fast 

and transmission efficiency also is very high. Constant 

temperature of the liquid medium inside the coil is 

cooperative controlled by the compressor output constant 

low temperature and semi- conductor silicon heating, 

touching type HMI shows real- time temperature signal and 

the input control instructions. Temperature control process 

is shown in figure 3. 

 

Fig.3 Control Flow Chart of Temperature Field 

B.  Temperature Sampling Module 

Forming regional temperature field closed loop control 

system with PT100 temperature sensor as temperature 

collection and feedback unit, it has strong sensitivity, 

resolution, stability, oxidation- resistivity and 

anti-interference ability in the temperature range of -50 ~ 

600  [16]. The relation- ship between platinum resistance 

and temperature is:  

 2730 1080195.51090802.31 ttRRt  
  312 100102735.4 tt     (-200～0℃) 

 2730 1080195.51090802.31 ttRRt    

(0～850℃) 

PT100 temperature sensor temperature sampling circuit 

use the two ends of PT100 resistor constant current to 

realize the linear relationship between PT100 resistance and 

output voltage, in this way it is beneficial to the temperature 

calculation and correction. PT100 resistance temperature 

sampling circuit is shown in figure 4. In the PT100 

sampling process, op-amp LM258 converts input of 

reference voltage Vref into constant current source and 

incent PT100 resistance. After the two ends of PT100 

resistance voltage cross LM258, the signal is magnified 10 

times, that is the output temperature sampling signal [16]. 



XIAOYAN WU et al: FUZZY PID CONTROL ON TEMPERATURE FIELD OF VASCULAR 3D PRINTING . .   

DOI 10.5013/IJSSST.a.17.25.16                                    16.4                      ISSN: 1473-804x online, 1473-8031 print 

 
Fig.4 The Sampling Circuit of PT100 

C.  Simulation Calculation 

According to the heat transfer theory, there are three heat 

transformation methods between the objects: conduction, 

convection and thermal radiation. Forming regional 

temperature field is mainly through the convective heat 

transfer of circulation constant temperature liquid medium 

and good heat conduction of metal aluminum to transfer 

heat. External incubator circulating convey constant 

temperature liquid to platform inner cavity by compressor 

cooling and semiconductor silicon heating, under the action 

of servo pump, using liquid medium forced convection and 

metal aluminum heat conduction to control the nutrition 

temperature of forming  regional microporous rotating rod. 

According to the principle of conservation of energy, 

convective heat transfer formula is [17-18] 

 tTfSQ                 (1) 

13.087.0)015.01(2041 DTf          (2) 

DLS                 (3) 

)(mTcmQ                (4) 

Where Q is convective heat energy, J. f is convection 

heat transfer coefficient, ℃2mW . S is the total area of 

convective heat transfer, 2m .  tT  is temperature 

difference after the convective heat transfer, ℃.T is the 

average temperature of the liquid medium, ℃. v is the flow 

velocity of the liquid medium, m/s. D is transmission 

pipeline diameter, m. Q   is the heat energy required to 

release of incubator liquid medium, J. c is the specific heat 
capacity of incubator liquid medium, ℃kgW . m is the 

total quality of incubator liquid, kg.  mT  is temperature 

difference after heat release of incubator liquid, ℃. 

According to the heat transfer theory, the conditional 

equation for forming regional meet temperature field 

convective heat transfer is [17-18] 

  


0

)( tTfSmTcm           (5) 

Where  is the time when convective heat transfer 

achieve stable constant temperature, min. 

Using software Inventor and the Laplace equation for the 

temperature field modeling scanning, get three-dimensional 

steady-state temperature field for [17-18] 

  0222222  zTyTxT    Azyx ,,  (6) 

Where x , y , Z are three-dimensional coordinate. A is 

modeling regional. k is the thermal conductivity of 

metal aluminum.T  is temperature. 

For the Laplace equation to determine the temperature of 

the forming regional steady state temperature field, for 

formula (6) can use the weighted residual method and 

discrete area boundary to achieve the three-dimensional 

steady temperature and heat energy, then obtain the 

required to release the heat capacity and the coil size in 

order to maintain constant temperature state for incubator. 

[17-18] 

IV. PID CONTROL ALGORITHM 

A.  Self-tuning PID Algorithm 

BECKHOFF temperature self-tuning PID algorithm is 

optimized from the conventional PID algorithm, it supports 

manual and automatic adjustment temperature control, has 

the incomplete differential, differential first, an integral 

saturation and other functions. Self-tuning PID control 

adopts Chien, Hrones and Reswick method, this method 

under the action of step response, according to the 

anti-jamming capability optimization, using tangent method 

to determine the delay time Tu , stability time Tg and 

proportionality coefficient of the system Ks . Temperature 

self-tuning PID control process is shown in figure 5 

[19-20]. BECKHOFF temperature self-tuning PID 

controller formula is  

   sT
sT

sTKsG
d

v

n
P  11  

Where PK  is self-tuning amplification coefficient. nT  
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is self-tuning integral time constant (I component). vT  is 

self-tuning differential time constant (D component). dT  is 

self-tuning damping time. 

nT

vT dT
PK

PK

 
Fig.5 BECKHOFF Temperature Self-tuning PID Control Process 

B.  Self-tuning Fuzzy PID algorithm 

Temperature self-tuning PID control could auto- 

matically adjust the proportionality coefficient PK , 

integral IK  and differential coefficient DK  according to the 

actual circumstance of temperature field, temperature field 

temperature change was adjusted real time by self-tuning 

function module [21-23]. Self-tuning fuzzy PID control 

system block diagram is shown in figure 6. 

PK IK DK

 

Fig.6 Self-tuning Fuzzy PID Control System Diagram 

Self-tuning fuzzy PID control algorithm is through 

PT100 temperature sensor collect and feedback temperature 

changing to calculate the microporous rotating rod nutrition 

temperature deviation E and deviation rate EC, E and EC as 

the input language variable, semiconductor silicon voltage 

variation U  as the output language variable, according to 

the requirement of the vessels rapid prototyping to 

temperature, the physical domain of E is [-0.5, 0.5], the 

physical domain of EC is [-0.01, 0.01]. Physical domain 

multiplied by quantification factor EK =6, ECK =60, could 

consistent with fuzzy domain [-3, 3]. Selecting 7 fuzzy 

subsets and the corresponding language value is PB, PM, 

PS, ZO, NS, NM, NB. To improve the stability and 

robustness of the control algorithm, selects the membership 

degree of [0, 1] triangle membership function, and carries 

on the fuzzy processing, as shown in figure 7. Based on the 

system real time step response, making the self-tuning 

fuzzy PID control rule table is shown in table 1-3. Fuzzy 

output the precise value of PK , IK and DK must 

multiply by its initial value could get the actual should add 

PID parameters [21-23]. 

 
Fig.7  Membership Function of Fuzzy Set 

TABLE I. FUZZY CONTROL RULE TABLE OF PK  

  U  

   E 

EC 

NB NM NS ZO PS PM PB 

NB NB PB NM NM NB NS ZO 

NM NB PB NS NS NM NM ZO 

NS PS PS PS NS ZO PM PM 

ZO PS Z0 PS ZO PS Z0 PS 

PS PM PM ZO NM PS PS PS 

PM ZO NM NM NS NS PB NB 

PB ZO NS NB NS NM PB NB 

TABLE II. FUZZY CONTROL RULE TABLE OF IK  

  U  

   E 

EC 

NB NM NS ZO PS PM PB 

NB NB NS NM NS NS ZO ZO 

NM NB NS NS NS ZO ZO ZO 

NS NM NM NS NS ZO NS NM 

ZO NM NM PS ZO PS NM NM 

PS NM NS ZO NS NS NM NM 

PM ZO ZO ZO NM NS NS NB 

PB ZO ZO NS PS NM NS NB 
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TABLE III. FUZZY CONTROL RULE TABLE OF DK  

   U  

E 

EC 

NB NM NS ZO PS PM PB 

NB PB PM PM PS PM PM PB 

NM PB PM PM PS PM PS PM 

NS PM PS NS ZO ZO NS ZO 

ZO PS NS ZO ZO ZO NS PS 

PS ZO NS ZO NS NS PS PM 

PM PM PS PM PS PM PM PB 

PB PB PM PM PS PM PM PB 

V. DEBUGGING AND SIMULATION 

A.  Debugging 

The high precision double nozzle six axis vascular 3D 

printing equipment in self-research use the BECKHOFF 

CX2030-0123 controller, and carry on self-tuning PID 

temperature control module which based on TwinCAT. 

BECKHOFF open temperature control system is shown in 

figure 8 [19-20]. 

 
Fig. (8). The Diagram of BECKHOFF Open Temperature Control System 

 

In order to satisfy the prototyping quality and the activity 

of vascular 3D printing, require the temperature controlled 

in 4 . BECKHOFF temperature self-tuning PID algorithm 

debugging step is, add and create TcTempCtrl.lib 

self-tuning library function, FB_Temp Controller function 

block and ST_Controller Parameter structure instance. 

Complete all external hardware connection of temperature 

field control system and by structure instance accomplish 

parameter settings, specifies the PWM cycle time, task 

cycle time and sampling time. Configure Twin CAT 

observer value, actual value and analog control values. 

Close the alarm function, use amplitude f_Y_Tune as step 

values to trigger and complete adjustment of PID 

parameters [19-20]. Under the BECKHOFF temperature 

self-tuning PID algorithm debugging the temperature curve 

of temperature field is shown in figure 9. We can see when 

the temperature field reaches the stable state, delay time is 

17s, steady time is 550s, overshoot is 12.7%, and there is 

some interference fluctuation. 

B.  Program redevelopment simulation 

Because there are some interference factors in the process 

of temperature field debugging which based on the 

BECKHOFF temperature self-tuning PID algorithm, delay 

time and steady-state time is too long, overshoot is on the 

high side. Through the analysis for temperature field closed 

loop control system circuit, interference factor is found time 

compressor refrigerating capacity and semiconductor 

silicon heating capacity does not match in the same, there’s 

no feed forward control and override control in closed loop 

control circuit. Based on self-tuning fuzzy PID control rules 

table, by writing the self-tuning fuzzy PID temperature 

control program to change fTune Kp, fTune Tn, fTune Tv 

and fTune Td values in the ST_Controller Parameter 

structure, then on the basis of BECKHHOFF software 

library to do program redevelopment of temperature 

control, and under the action of step response, using 

Simulink software simulate the temperature change of the 

temperature field to get the temperature change 

performance index of temperature field. The temperature 

curve of temperature field under the program 

redevelopment debugging is shown in figure 10. When the 

temperature field reaches the stable state, delay time is 12s, 

steady time is 310s, overshoot is 1.2%, and there is no 

obvious interference fluctuation in the heating process. 

C.  Analysis of Results 

Through the simulation of BECKHOFF temperature 

control program redevelopment which based on self-tuning 

fuzzy PID control algorithm, obtain the temperature field 

temperature curve and actual heating effect chart. Compare 

with the self-tuning PID control, the robustness and the 

dynamic & static performance has great improvement, 
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specific performance in delay time has reduced 5 s, steady 

time has reduced 240 s, overshoot has reduced 11.5%, and 

anti-interference ability has been enhanced significantly 

when the temperature field reaches the stable state. The 

experimental date indicates this program redevelopment can 

effectively control the forming regional temperature and 

improve the prototyping quality and the activity of vascular 

3D printing. 

 

Fig.9 The Temperature Under Self-tuning PID Debugging 

 

Fig.10 The Temperature Under Program Redevelopment Debugging 

VI. CONCLUSIONS 

Revascularization is the basis of the clinical medical 

application for 3D printing, to improve the prototyping 

quality and the activity of vascular 3D printing related to 

whether vascular 3D printing could be effective applied in 

clinical medical. According to the high precision double 

nozzle six axis vascular 3D printing equipment in 

self-research, the subject studies on temperature field 

control of forming regional from the temperature field 

design and simulation calculation, the temperature control 

process, BECKHOFF temperature self-tuning PID 

algorithm and the program redevelopment based on 

self-tuning fuzzy PID algorithm. Through the program 

redevelopment of the simulation results show that the 

BECKHOFF program redevelopment temperature 

controller which based on self-tuning fuzzy PID control can 

improve the robustness and the dynamic & static 

performance, reduced the delay time, steady time and 

overshoot when the temperature field reaches the stable 

state, meanwhile enhance the anti-interference ability, can 

effectively meet the temperature requirements of the 

vascular rapid prototyping. This article aims to provide a 

control method for vascular 3D printing temperature field 

control, and promote the clinical application of vascular 3D 

printing come true as soon as possible. 
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