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Abstract   

Aiming to improve the temperature uniformity used for hot plate welding, two 

optimal design methods by coupling finite element method (FEM) with genetic 

algorithm (GA) are put forward and implemented into FEM software through 

the secondary development. Taking the positions of the heating holes and the 

heat fluxes applying to the heating holes as the optimization variables, the 

minimum temperature difference on the faying surface as the optimization 

objective, taking advantage of the numerical calculation of steady-state heat 

transfer, the parametric modeling of hot plate is carried out in accordance with 

the developed FEM-GA coupling optimization framework. The first optimal 

design method adopts a two-stage sequent optimization that the optimal 

positions of heating holes and the heat fluxes applying to the heating holes are 

sequentially obtained by using the two-step FEM-GA coupling calculations. The 

second optimal design method optimizes these variables simultaneously. The 

simultaneous optimal design method is further utilized to optimize the hot plate 

model associated with the orthogonal heating holes. In the case of the 

experience-based initialization of the optimization parameters, the two-stage 

sequent optimal design method is capable to achieve the better temperature 

uniformity on the faying surfaces with the lower computation costs, as 

compared with the results of the simultaneous optimal design method. The 

FEM-GA coupling optimal design method for improving the temperature 

uniformity used for hot plate welding would be of great significance for the 

industrial application of hot plate welding.   

Key words: Temperature uniformity; hot plate welding; genetic algorithm; 

finite element method.   

1. Introduction  

Owing to the distinct advantages, such as the good thermal and electrical insulation properties, 

corrosion resistance, chemical inertness, high strength-to-weight ratio, the application and demand of 

plastics products are increasing day by day. In the processing of plastic products, the plastic welding is one 

of the most important technologies, which plays a decisive role in the service performance of plastic 

products. In general, the approaches widely-used for joining plastics components could be divided into 

three major categories: the mechanical joining [1, 2], adhesive bonding [3, 4] and welding or fusion 

bonding [5]. In comparison with the mechanical joining and adhesive bonding, the welding or fusion 

bonding has the advantages of the higher mechanical strength, better sealing and longer working life. The 

welding process is frequently used for the thermoplastics, and the addition of tie-layers should be utilized 
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for welding of the thermosets.  

With the rapid development of numerical computation and optimization algorithms, a large number 

of researches have been reported on the optimization of the temperature uniformity of heated tools used 

for joining plastics. Ulker et al. [6, 7] took advantage of Taguchi method for investigating the influence of 

welding parameters in hot plate welding process of polycarbonate/acrylonitrile-butadiene-styrene blends, 

and the optimization in terms of plate temperature, heating time and welding displacement was 

accordingly carried out for the improvement of joint strength. Wang et al. [8] developed a multi-objective 

optimization method by integrating the response surface methodology and the multi-objective particle 

swarm optimization algorithm for the optimization design of the heating/cooling channels of the 

steam-heating PTR mold to improve the thermal efficiency and temperature uniformity of the rapid heat 

cycle molding (RHCM) mold. Chen et al. [9, 10] proposed a variable mold temperature method by 

controlling the electromagnetic induction heating and water cooling during the microcellular foam 

injection molding process for improving the surface quality of molded parts. Lambiase et al. [11, 12] 

developed a 3D finite element model to predict the thermal field induced by Laser-Direct Joining, the 

influence of the processing conditions including laser beam power, laser energy, laser beam position and 

beam defusing on the temperature field produced at the interface in metal-polymer joints was investigated, 

and the optimization of laser-assisted joining of metals and plastics was carried out accordingly. Yildizeli 

et al. [13] used a multi objective genetic optimization (NSGA-II in MATLAB) to find the optimal 

operating and geometric design parameter sets for achieving the remarkable improvements in terms of the 

hydrodynamic and thermal performances of the micro-channel heat sink based on numerical simulation.  

Especially for the hot plate welding, Novakovic et al. [14] used the support vector machines and 

regression models to developed the new mathematical models for providing a visual representation of 

high-density polyethylene melt displacement with the changes in temperature and pressure. 

Mathiyazhagan et al. [15] adopted Decision Making Trial and Evaluation Laboratory (DEMATEL) to 

study the influence of the key parameters including the hot plate temperature, welding time and melting 

time on the weld strength. Wałęsa et al. [16, 17] developed and constructed a drive system of an automated 

hot plate welder, the technological parameters were optimized by using the genetic algorithm, and the 

topic of butt welding of polyurethane drive belts by the hot plate welder was discussed. Riahi et al. [18] 

studied the plasticization of polyethylene by analytical and numerical methods. He tried to find the 

correlation between the strength of the joint and welding time or hot plate temperature.   

In recent years, with the rapid development of finite element method (FEM) and genetic algorithm 

(GA), an innovative optimal design method coupling FEM with GA has emerged and became increasingly 

popular in optimization of welding parameters, machining parameters and heat conduction analysis. In the 

FEM-GA coupling optimization framework, FEM provides the accurate physical modeling, while GA 

searches for optimal solutions [19, 20]. Guillaume Corriveau et al. [21] developed an FEM-GA coupling 

model to automate optimization of static criteria for achieving efficient solutions without engineer 

intervention. Abdelkader Kanssab et al. [22] took advantage of FEM-GA coupling optimal design for 

optimizing throat positions and dimensions to achieve a uniform temperature distribution on the pan 

bottom of an inductor with four throats. Ya Ge et al. [23] utilized FEM with GA and particle swarm 

optimization to maximize the output power of variable cross-section thermoelectric generators by 

optimizing six geometric variables and external load resistance.   

Although extensive research has been conducted on the optimization of the processing parameters 

of the plastics welding methods, there are few reports on the temperature uniformity on the faying surfaces 

used in the hot plate welding of plastics, which has a significant impact on the plastics welding quality. 



Therefore, this work devotes to optimizing the positions of heating holes and the related heat fluxes 

appling to the heating holes by coupling finite element method (FEM) with the genetic algorithm (GA), 

for achieving the excellent temperature uniformity on the faying surface used in the hot plate welding, 

which is of great significance for the development of the plastics processing technology.   

2. Parametric modeling of hot plate welding  

2.1. Finite element modeling of hot plate 

According to the hot plate welding of the irregular workpiece, as shown in Figure 1(a), a portion of 

the hot plate was adopted to conduct the numerical calculation for optimization of the temperature 

uniformity on the faying surfaces used for hot plate welding.  The three-dimensional finite element 

model with the length of 480 mm, the width of 150 mm and the height of 150 mm was established to carry 

out the heat transfer analysis of hot plate welding, as shown in Figure 1(b). The faying surface used for 

welding of plastic components is on the upper surface of the hot plate model. The distance between the 

faying surface and the upper surface of hot plate is 10mm, and the widths of the faying surface along the 

X-axial and Z-axial directions are 40mm and 20mm, respectively. Through the trial calculations, the 

C3D8T elements with the size of 10mm were utilized to mesh the there-dimensional finite element model, 

and the four element layers in the distance between the faying surface and the upper surface of the hot 

plate were adopted for calculating the temperature gradient, as shown in Figure 1(c). The 6061 aluminum 

alloy was used as the material of hot plate, the mass density is 2800kg/m3, the specific heat capacity is 

896J/(kg ⋅ K), and the thermal conductivity is 155W/(m ⋅ K).   

(a) (b) (c)

6061 aluminum alloy

 

Figure 1. Three-dimensional finite element model of hot plate: (a) hot plate welding machine, (b) 

geometric dimensions, (c) finite element model.   

 

Considering the stable temperature field produced by hot plate welding is the optimization 

objective, and the process of achieving the stable temperature field is not taken into consideration in this 

work, therefore the numerical calculation method for the steady-state heat transfer was employed to 

simulate the temperature field resulting from thermal conduction of hot plate for reducing the computation 

cost.   

Three parallel heating holes with the diameter of 15mm were perforated in the XOY plane along 

the Z-axial direction according to experience, as shown in Figure 1(c). The heating rods were inserted into 

the heating holes for the thermal conduction of hot plate welding. For the sake of simplicity, the heat 

transfer by contact between the outer surfaces of the heating rods and the inner surfaces of the heating 

holes was simplified to applying the heat fluxes to the inner surfaces of the heating holes directly. The 

relationship between the power of the heating rod and the heat flux applying to the inter surface of heating 



hole is calculated as  

𝑞 =
𝑃

𝜋𝑑𝐿
 (1) 

where P is the power of the heating rod, q is the heat flux applying to the inter surface of heating hole, d 

and L are the diameter and length of the heating rod, respectively. The initial temperature of the hot plate 

is 30°C, and the objective temperature required for hot plate welding is 200°C. The convective heat 

transfer between the outer surface of the hot plate and air was conducted by setting the convective heat 

transfer coefficient, which is 20W/(m2 ⋅ K) at the room temperature. The heat transfer resulting from 

thermal radiation of the heating rod was not taken into consideration in this work.   

2.2. FEM-GA coupled optimization framework   

To find the optimal positions of heating holes and the heat fluxes applying to the heating holes for 

improving the temperature uniformity of hot plate welding, the FEM-GA coupled parametric modeling 

and computation were conducted through the secondary development of FEM software, as shown in 

Figure 2. The positions of heating holes and the heat fluxes applying to the heating holes are the variables 

to be optimized and the minimum temperature difference on the faying surface used for hot plate welding 

is the optimizing objective. Based on the coordinates of the centers of the heating holes and the heat fluxes 

obtained by GA calculation, the parametric modeling of hot plate is carried out through Python interface 

provided by ABAQUS/CAE. The steady-state heat transfer is adopted to calculate the temperature field on 

the faying surface used for hot plate welding, and the FEM-calculated temperatures are fed back to GA for 

calculating the fitness values. If the GA-calculated fitness value has not reached the stability level, the 

newly generated coordinates of the centers of the heating holes and the heat fluxes by the selection, 

crossover and mutation of GA are then used to re-conduct the parametric modeling of hot plate and the 

finite element calculation of steady-state heat transfer.   
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Figure 2. FEM-GA coupling optimization framework    



 

In order to optimize the temperature uniformity of hot plate welding more quickly and effectively, 

the novel GA was developed in this work. There are thirty individualities in the population for a 

generation. In the process of the population evolution, the adaptive crossover probability (𝑃𝐶 ) and 

adaptive mutation probability (𝑃𝑀) were developed and are respectively expressed as [24] 

𝑃𝐶 = {

𝑘1(𝑓𝑚𝑎𝑥 − 𝑓𝑠)

𝑓𝑚𝑎𝑥 − 𝑓
,  𝑓𝑠 ≥ 𝑓

𝑘2    ,  𝑓𝑠 < 𝑓

 (2) 

𝑃𝑀 = {

𝑘3(𝑓𝑚𝑎𝑥 − 𝑓)

𝑓𝑚𝑎𝑥 − 𝑓
,  𝑓 ≥ 𝑓

𝑘4    ,  𝑓 < 𝑓

 (3) 

where, 𝑓𝑚𝑎𝑥  is the maximum fitness value among the 30 individualities of a generation; 𝑓  is the 

averaged fitness value in the population; 𝑓𝑠 is the larger fitness value of the two individualities to cross; f 

is the fitness value of the selected mutation individual; 𝑘1 , 𝑘2 , 𝑘3  and 𝑘4  are four constants and 

𝑘1 = 𝑘3 = 1, 𝑘2 = 𝑘4 = 0.5 in the present work. In Eq. (2) and Eq. (3), the denominator (𝑓𝑚𝑎𝑥 − 𝑓) is 

responsible for the increase of population diversity, and the numerator (𝑓𝑚𝑎𝑥 − 𝑓𝑠) or (𝑓𝑚𝑎𝑥 − 𝑓) is 

conductive to preserving the excellent individuals.   

The fitness value is defined as 

𝐹 =
𝑒

𝑇𝑚𝑖𝑛−𝑇0
|𝑇𝑚𝑎𝑥−𝑇0|

√(𝑇𝑚𝑖𝑛 − 𝑇0)
2 + (𝑇𝑚𝑎𝑥 − 𝑇0)

2
 (4) 

where, 𝑇0 is the target temperature, 𝑇0 = 200°𝐶; 𝑇𝑚𝑎𝑥  and 𝑇𝑚𝑖𝑛  are the maximum and minimum 

values in the temperature field on the faying surface produced by hot plate welding, respectively. 

According to Eq. (4), the larger the fitness value is, the more uniform the temperature field of the hot plate 

welding becomes.  

In the process of crossover operation, coding with real number is adopted. Assuming that the 

two-parent chromosomes selected for crossover are 𝑥(𝑖) = {𝑥1
(𝑖)
,  𝑥2

(𝑖)
,  ⋯ , 𝑥𝑁

(𝑖)
}  and 

𝑥(𝑗) = {𝑥1
(𝑗)
,  𝑥2

(𝑗)
, ⋯ , 𝑥𝑁

(𝑗)
} , in which 𝑖,  𝑗 = 1,  2, ⋯ ,  30  represent the ith and jth parent 

chromosomes, N is the number of the optimization variable, the accordingly generated two-offspring 

chromosomes are determined as  

{
𝑦𝑘
(𝑖)

= 𝛾 (𝑥𝑘
(𝑖)
− 𝑥𝑘

(𝑗)
) + 𝛼𝑥𝑘

(𝑖)
+ (1 − 𝛼)𝑥𝑘

(𝑗)

𝑦𝑘
(𝑗)

= 𝛾 (𝑥𝑘
(𝑖)
− 𝑥𝑘

(𝑗)
) + 𝛼𝑥𝑘

(𝑗)
+ (1 − 𝛼)𝑥𝑘

(𝑖)
 (5) 

where, 𝑘 = 1,  2, ⋯ ,  𝑁; 𝑥𝑘
(𝑖)

∈ 𝑥(𝑖), 𝑥𝑘
(𝑗)

∈ 𝑥(𝑗), 𝑦𝑘
(𝑖)

∈ 𝑦(𝑖), 𝑦𝑘
(𝑗)

∈ 𝑦(𝑗); 𝛼 = 0.6 in this work; 𝛾 is a 

random value in the range from 0 to 1, which is applied to improve the algorithm search space greatly, at 

the same time avoiding GA being easy to fall into the partial minimum flaw.  

In the process of mutation operation, the single-point mutation is adopted. If 𝑥𝑘
(𝑖)

 (𝑥𝑘
(𝑖)

∈ 𝑥(𝑖)) is 

selected to mutate and 𝑥𝑘
(𝑖)

 is in the range of (𝐿𝑘
(𝑖)
,  𝑈𝑘

(𝑖)
) in which 𝐿𝑘

(𝑖)
 and 𝑈𝑘

(𝑖)
 respectively represent 

the lower and upper in the range of optimization parameters, then the mutated one (𝑦𝑘
(𝑖)

) from 𝑥𝑘
(𝑖)

 is in 

the range of 𝛺 that is expressed as  
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where, 𝑠(𝑁) is used to regulate the global search ability of GA; N is the iteration number; 𝑁𝑚𝑎𝑥 

represents the maximum iteration number;   is a random value in the range from 0 to 1; r and b are two 

constants, 𝑟 = 0.2 and 𝑏 = 3 obtained by trial and error method in this work. In the case of the smaller 

value of N, 𝛺 becomes larger. As a result, the mutation would become more significant. On the other 

hand, as N increases, 𝛺 becomes smaller and smaller, thereby the search speed of GA is improved 

significantly.  

3. FEM-GA coupling optimization results 

In order to improve the temperature uniformity on the faying surface used for hot plate welding, 

under the FEM-GA coupling optimization framework, two optimal design methods were proposed in this 

work. (1) Two-stage sequent optimal design method, two analysis steps are set up for the sequential 

optimization of the heat fluxes applying to the heating holes and positions of the heating holes. (2) 

Simultaneous optimal design method, both the heat fluxes and positions of the heating holes are optimized 

simultaneously.  

3.1. Two-stage sequent optimal design method  

With respect to the two-stage sequent optimization, the FEM-GA coupling calculation for 

improving the temperature uniformity of hot plate welding is conducted by setting two analysis steps, and 

the two-stage sequent optimization scheme is presented in Figure 3.  

The first analysis step is used to optimize the heat fluxes applying to the heating holes, assuming 

that the positions of the heating holes are fixed. Three heating holes with the diameter of 15 mm are 

regularly perforated in the XOY surface along the Z-axial direction of the hot plate model, as shown in 

Figure 3. According to experiences, the distance between the centers of three heating holes and the upper 

surface of the hot plate model is 27.5 mm, and the distance between the center of the heating hole and the 

side of the hot plate model is equal to the distance of the adjacent heating holes centers, which is 120 mm. 

With the FEM-GA coupling optimization framework, the heat fluxes of heating rods inside the three 

heating holes are optimized in the range from 10kw/m2 to 80kw/𝑚2. As seen in Figure 3, for the heat 

flux of the heating rod inside the heating hole 1 that is represented by H1, the optimized heat fluxes of the 

30 individuals are mostly concentrated in the 41kW/𝑚2. Due to the symmetry of the heating hole 2 (H2) 

and heating hole 3 (H3), both the optimized heat fluxes of the heating rods inside H2 and H3 are mostly 

concentrated in the 64kW/𝑚2, which are larger than the heat flux of the heating rod inside H1.  

The second analysis step is used to optimize the positions of the three heating holes, assuming that 

the heat fluxes applying to the three heating holes are the same. The constant heat flux (56.55kW/𝑚2) 

with the averaged value of the previously-optimized heat fluxes applying to the three heating holes of H1 

(41.23kW/𝑚2), H2 (64.21kW/𝑚2) and H3 (64.20kW/𝑚2), is used as the constant heat sources to 

optimize the positions of the three heating holes. The optimization range of the positions of the heating 



holes are (-240 mm, 240 mm) for the X coordinates and (-50 mm, 50 mm) for the Y coordinates. As seen 

in Figure 3, different from the three regularly-perforated heating holes, the distances from the three centers 

of the Step2-optimized heating holes to the upper surface of the hot plate model are not the same. The 

distance between the Step2-optimized H2 and the upper surface of the hot plate model is the largest 

(127.61 mm), whereas the distance between the Step2-optimized H3 and the upper surface of the hot plate 

model is the smallest (121.78 mm). The distance between Step2-optimized H2 and H1 is approximately 

equal to the distance between H3 and H1.  

To sum up, with the FEM-GA coupling optimization method, the two-stage sequent optimization 

results of the heat fluxes applying to the heating holes and the positions of the heating holes are described 

in the form of (heat flux, X-coordinate, Y-coordinate), yield: H1(41.23kW/𝑚2, 3.23mm, -39.73mm), 

H2(64.21kW/𝑚2, -195.0mm, -42.61mm), H3(64.20kW/𝑚2, 182.68mm, -36.78mm).   
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Figure 3. FEM-GA coupling two-stage sequent optimal design method    

 

Figure 4(a) shows the GA-calculated fitness values used for describing the temperature uniformity 

on the faying surface with regard to the two analysis steps. For the first analysis step, when the iterations 

exceed 111, the fitness value is stable at 0.107. On the other hand, for the second analysis step, when the 

iterations exceed 56, the fitness value is stable at 1.017. As well known, the larger the fitness value is, the 

better optimization effect is. In addition, the number of the iterations used to obtain the stable fitness value 

in the second analysis step is significantly smaller than that in the first analysis step. Therefore, it takes a 

large number of iterations to optimize the heat fluxes applying to the heating holes based on the assumed 

positions of the three heating holes, but the temperature uniformity depending on the optimized heat 

fluxes is not desirable. In other words, compared to the optimization of the heat fluxes applying to the 

heating holes located at the experience-based positions, the optimization of the positions of the heating 

holes subjecting to the same heat flux would be more conducive to improving the temperature uniformity 

on the faying surfaces produced by the hot plate welding.  

Figure 4(b) presents the FEM-GA coupling optimization results of the temperature uniformity on 



the faying surfaces produced by hot plate welding in the first analysis step. As seen from Figure 4(b), with 

the increase of iterations, the temperature difference between the maximum and minimum temperatures on 

the faying surface is mainly concentrated at 9.5°C. Figure 4(b) exhibits the temperature field on the faying 

surface resulting from the optimized heat fluxes. The higher temperature on the faying surfaces is at the 

position with the smaller distance from the heating holes, which accords well with the natural law of heat 

conduction. As shown in Figure 4(b), the largest value of temperature difference on the faying surface is 

9.4°C, which is in good accordance with the GA optimization results in Figure 4(b).  

On the other hand, make use of the averaged value of the Step1-optimized heat fluxes as the 

constant heat flux to optimize the positions of the heating holes to achieve the excellent temperature 

uniformity of hot plate welding. As the number of iterations increases, the minimum temperature 

difference of the 30 individuals resulting from FEM-GA coupling optimization approaches 1.0°C, as 

shown in Figure 4(c), which is significantly smaller than the minimum temperature difference in the case 

of optimization of the heat fluxes at the fixed heating holes. Figure 4(c) presents the temperature field on 

the faying surface in the case of the three optimized the positions of the three heating holes. Similar to 

Figure 4(b), the larger temperature is at the position with the smaller distance from the heating holes. 

However, different from Figure 4(b), due to the different distances between the heating holes and the 

faying surface, the asymmetrical distribution of the temperature can be seen in Figure 4(c). Therefore, it is 

demonstrated that the two-stage sequent optimization method is able to effectively improve the 

temperature uniformity on the faying surface by optimizing the heat fluxes at the fixed heating holes 

firstly and then optimizing the positions of the heating holes associated with the constant heat flux 

sequentially, as shown in Figure 3.  
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Figure 4. FEM-GA coupling two-stage sequent optimization results: (a) GA-calculated fitness values 

of temperature uniformity, (b) the first step used in the two-stage sequent optimization, (c) the 

second step used in the two-stage sequent optimization.   

3.2. Simultaneous optimal design method 

Under the FEM-GA coupling optimization framework, taking both the positions of the heating 

holes and heat fluxes applying to the heating holes as the optimization variables, an attempt to develop the 

simultaneous optimal design method is made for improving the temperature uniformity on the faying 



surfaces used for hot plate welding as much as possible. Figure 5 presents the calculation framework of 

the FEM-GA coupling simultaneous optimization. Different from the two-stage sequent optimization 

scheme, there is only one analysis step used for finding the optimal heat fluxes and positions of the three 

heating holes. With respect to the same input parameters ( 𝑞 ∈ (10kw/𝑚2,  80kw/𝑚2) ), 

𝑋 ∈ (−240mm, 240mm), 𝑌 ∈ (−50mm, 50mm), where q represents the heat flux, X and Y represent 

the X and Y coordinates, respectively), comparing with the results of the two-stage sequent optimization, 

the simultaneous optimization method presents the better convergence. As shown in Figure 5, the 

optimized heat fluxes are mostly concentrated at 30kW/𝑚2, 62kW/𝑚2 and 76kW/𝑚2applying to the 

heating holes H1, H2 and H3, respectively. On the other hand, the positions of the three heating holes are 

optimized at H1(-30.85 mm, 40.03 mm, 0), H2(-181.87 mm, -20.53 mm, 0) and H3(150.7 mm, -7.9 mm, 

0), respectively.  
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Figure 5. FEM-GA coupling simultaneous optimal design method 

Figure 6(a) shows the evolution of the fitness value resulting from FEM-GA coupling calculation. 

With the increase of iterations, the GA-calculated fitness value increases rapidly at first and then gradually 

tends to be stable. The maximum fitness value is 0.561 and is significantly smaller than the two-stage 

sequent optimization result, it reveals that the simultaneous optimization effects are not as good as the 

two-stage sequent optimization effects. As shown in Figure 6(b), the minimum value of temperature 

difference of the 30 individuals remains fairly constant. In particular, when the number of iterations 

exceeds 500, the temperature differences of the 30 individuals are almost in consistent. The finally 

optimized temperature field produced by the hot plate welding is presented in Figure 6(c). The minimum 

temperature difference on the faying surface produced by the hot plate welding is 1.8°C, which is roughly 

2 times of the minimum temperature difference resulting from the two-stage sequent optimization. 

  



(a) (c)(b)

Figure 6. The simultaneous optimization results: (a) GA-calculated fitness values, (b) distribution of 

temperature difference, (c) temperature field on the faying surface.   

With the two-stage sequent optimal design method and the simultaneous optimal design method, 

the optimization results of the heat fluxes and positions of the three heating holes are presented in Figure 7. 

As seen in Figure 7(a), since the H1 is located in the middle of H2 and H3, the optimized heat flux at H1 is 

smaller than that at H2 and H3. With the two-stage sequent optimal design method, the heat flux applying 

to H2 is approximately equal to the heat flux applying to H3, whereas the simultaneously-optimized heat 

flux applying to H2 is smaller than that applying to H3. In addition, with respect to H1, the 

sequentially-optimized heat flux is larger than that obtained by the simultaneous optimization method. 

With regard to H1 (or H2, H3), the difference in the optimized heat fluxes by the two-stage sequent 

optimal design method and the simultaneous optimal design method is related to the optimized positions 

of H1 (or H2, H3), as shown in Figure 7(b). For H1, H2 and H3, the simultaneously-optimized 

Y-coordinates are all larger than that obtained by the two-stage sequent optimal design method. Especially 

for H1, the sequentially-optimized position is closed to the bottom surface of the hot plate model, whereas 

the H1 position optimized by the simultaneous optimal design method is adjacent to upper surface of the 

hot plate model, the distance along Y-axial direction between the two optimized positions of H1 resulting 

from the two optimal design methods is about 80 mm. As well known, the larger the distance between the 

heating holes and the faying surface is, the more uniform the temperature field on the faying surface 

becomes.  

Figure 7(c) compares the computation efficiency and optimization results of the two-stage sequent 

optimization and simultaneous optimization. The computation efficiency is represented by the iteration 

number, and the optimization results are represented by the minimum temperature difference on the faying 

surface. As seen in Figure 7(c), with the two-stage sequent optimal design method, after 167 (56+111) 

iterations, the minimum temperature difference on the faying surface is 1.0°C, whereas the 

simultaneously-optimized minimum temperature difference is 1.8°C after 451 iterations. Therefore, based 

on the FEM-GA coupling calculation framework, the two-stage sequent optimal design method has the 

higher efficiency and ability in optimizing the temperature uniformity used for hot plate welding, in 

comparison to the simultaneous optimal design method. However, it should be noted that the 

regularly-distributed heating holes according to experience are significant for the two-stage sequent 

optimal design method to optimize the heat fluxes applying to the heating holes. However, there are no 

any preparation needs to complete ahead of schedule for the simultaneous optimal design method.  



(a) (b) (c)

Figure 7. Comparison of the optimized heat fluxes and positions of the three heating holes by using 

the two-stage sequent optimal design method and simultaneous optimal design method: (a) heat 

fluxes applying onto the three heating holes, (b) positions of the three heating holes, (c) computation 

efficiency and the minimum temperature. 

3.3. Optimization of orthogonal heating holes  

As well known, the hot plate associated with the orthogonal heating holes are frequently used in the 

practical welding applications. With the simultaneous optimal design method, the temperature uniformity 

of hot plate welding in the case of the orthogonal heating holes was numerically optimized by the 

developed FEM-GA coupling calculation framework. In comparison to the parallel heating holes as 

described in the section of '3.2 Simultaneous optimal design method', besides the three parallel heating 

holes along the Z-axial direction, two parallel heating holes along the X-axial direction are added in the 

hot plate model. Therefore, there are five heating fluxes, three coordinates (X, Y) of the heating holes 

center in the XOY plane and two coordinates (Y, Z) of the heating holes center in the YOZ plane, as 

shown in Figure 8.  
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Figure 8. FEM-GA coupling optimization in the case of the orthogonal heating hole 

 

Figure 8 presents the calculation framework of FEM-GA coupling optimization for improving the 

temperature uniformity of hot plate welding in the case of the orthogonal heating holes. The input 

parameters and target temperature are the same as the calculation framework used in the hot plate model 

associated with the parallel heating holes. As seen from Figure 8, due to the increase of the heating holes, 



the simultaneously-optimized heat fluxes at the five heating holes are around 20kW/𝑚2 that is smaller 

than the heat fluxes in the cases of the two-stage sequent optimization and simultaneous optimization, 

revealing that the orthogonal heating holes can effectively reduce the heat flux at each heating hole. On 

the other hand, the positions of the heating holes are almost symmetrical in the X-axial and Z-axial 

directions, and the Y-axial coordinates of H4 and H5 heating holes are almost the same, whereas the 

Y-axial coordinate of H3 heating hole is larger than that of H2 heating hole, indicating that the distance 

between the position of H3 heating hole and the faying surface is smaller than the distance between the 

position of H2 heating hole and the faying surface.  

Figure 9(a) presents the evolution of fitness value with the increase of iterations in the case of the 

orthogonal heating holes. The number of iterations for obtaining the maximum fitness value is 

approximately 800 that is significantly larger than the iteration numbers corresponding to the maximum 

fitness value in the case of three parallel heating holes, which is attributed to the increase of the 

optimization variables as a result of the increase of the heating holes. As shown in Figure 9(b), the 

minimum temperature difference of the 30 individuals is stable at 1.3°C when the iteration numbers 

exceed 800. Figure 9(c) exhibits the optimized temperature field on the faying surface produced by the hot 

plate welding. In comparison to the optimized temperature fields resulting from the three parallel heating 

holes, the optimized temperature field in the case of the orthogonal heating holes presents the good mirror 

symmetry, and the more uniform temperature field can be obtained on the faying surface along the X-axial 

direction.  

(a) (b) (c)
 

Figure 9. The optimization results in the case of the orthogonal heating holes: (a) GA-calculated 

fitness values of temperature uniformity, (b) distribution of temperature difference, (c) temperature 

field on the faying surface. 

4. Conclusions  

In order to improve the temperature uniformity on the faying surface used for hot plate welding, 

two FEM-GA coupling optimal design methods, including the two-stage sequent optimal design method 

and the simultaneous optimal design method, were developed and completed through secondary 

development of FEM software, respectively. The obtained conclusions are drawn as follows: 

With the two-stage sequent optimal design method, in the case of the experience-based parameters 

initialization, the temperature difference on the faying surface is stable at 1.0°C after 167 iterations; 

whereas the temperature difference of 1.8°C on the faying surface can be obtained by the simultaneous 

optimal design method within 451 iterations.   

The optimal parameters including the positions of the heating holes and the heat fluxes applying to 

the heating holes resulting from the two-stage sequent optimal design method are different from the results 

of the simultaneous optimization, especially for the positions of the heating holes.  



In the case of the hot plate associated with the orthogonal heating holes, the temperature difference 

on the faying surface can reduce to 1.3 °C by using the simultaneous optimal design method. However, it 

requires 800 iterations due to the increase in the optimization parameters.  
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Nomenclature 

Variable or parameter 

P The power of the heating rod [W] 

q The heat flux applying to the inter surface of heating hole [  2W / m K ] 

d Diameter of the heating rod [mm] 

L Length of the heating rod [mm] 

𝑃𝐶 Adaptive crossover probability of GA [-] 

𝑃𝑀 Adaptive mutation probability of GA [-] 

𝑓𝑚𝑎𝑥  Maximum fitness value among the individualities of a generation [-] 

𝑓 Averaged fitness value in the population [-] 

𝑓𝑠 Larger fitness value of the two individualities to cross [-] 

f Fitness value of the selected mutation individual [-] 

𝑇0 
Target temperature in the temperature field on the faying surface produced by hot plate 

welding [ C ] 

𝑇𝑚𝑎𝑥  
Maximum values in the temperature field on the faying surface produced by hot plate 

welding [ C ] 

𝑇𝑚𝑖𝑛 
Minimum values in the temperature field on the faying surface produced by hot plate 

welding [ C ] 

N The number of the optimization variable [-] 

𝑁𝑚𝑎𝑥  Represents the maximum iteration number [-] 

Greek letters 

𝛺 Mutation interval of GA [-] 

𝜉 Random value [-] 
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