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A B S T R A C T  

 

Bipolar plates (BPPs) play an important role in PEM fuel cells in terms of weight and cost points 
of view. In this paper, the manufacturing of titanium BPPs with parallel flow field was 
experimentally and numerically studied. In this regard, a stamping die with a parallel pattern is 
conducted to perform the experiments. Then, the process was modeled via the finite element 
(FE) simulation. By comparing simulation and experiment results, it was found that the results 
are in good agreement and hereupon, the accuracy of the FE model was verified. To evaluate the 
sheet formability, a set of FE experiments was designed through the response surface 
methodology (RSM). The die clearance, forming velocity, and friction coefficient were 
considered input parameters, and the maximum thickness reduction (MTR) of the sheet was 
assumed to be the output. The results revealed that a lower friction coefficient causes an 
increase in thickness reduction and finally tearing in the formed BPPs. Moreover, changing the 
forming velocity has no remarkable influence on the MTR. Afterward, an Adaptive Neuro-Fuzzy 
Inference System (ANFIS) was trained for predicting the output of the MTR with the three 
mentioned inputs. 
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NOMENCLATURE  

C Die clearance (mm) t0

 
Initial thickness of the sheet 

V Forming velocity (mm/min) tf

 
Final thickness of the formed plate 

μ Friction coefficient   

 

 

INTRODUCTION1 
 
Over recent years, the proton exchange membrane fuel 

cell (PEMFC) is considered as an appropriate electrical 

power source compared with internal combustion engines 

due to its high efficiency, low working temperature, 

system durability, and low emission [1]. Figure 1 shows 

the performance of a PEMFC [2]. As is shown, oxidation 

reaction is carried out on the channels in the anode side 

of bipolar plates (BPPs) and hydrogen is decomposed into 

electrons and positive ions. The electron from 
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decomposition enters the external circuit and then enters 

to the cathode. The positive ion also goes to the cathode 

by passing through the electrolyte and turns into water 

with the oxygen of the air and the electron that entered the 

cathode from the external circuit. The produced water 

also exits from the flow path channels on the cathode side 

of the (BPPs). 

The PEMFC has not been commercialized widely due 

to its higher cost than an internal combustion engine [2]. 

BPPs are the most important components of a fuel cell 

since they comprise almost 75 and 45% of its weight and 

 

  

http://www.ijee.net/
mailto:v.modanloo@sirjantech.ac.ir


V. Modanloo et al. / Iranica Journal of Energy and Environment 15(2): 170-176, 2024 

171 

 
Figure 1. A PEMFC with its performance [2] 

 

 
price, respectively [3]. Various types of materials for the 

BPP are used in a PEMFC such as graphite [4], polymer 

[5], and metal [6]. Among the mentioned materials, the 

metallic BPP has received more attention from 

researchers due to its supreme physical properties and 

ease of production [7–9]. In the past two decades, 

different approaches have been suggested by researchers 

for fabricating the metallic BPPs including hydroforming 

[10], gas blow forming [11], rubber pad forming [12], and 

stamping [13]. Among the mentioned processes, the 

stamping process exhibits high potential for mass 

production [14]. Koo et al. [15] studied the influence of 

variation of the stamping force on the forming behavior 

of the SS304 thin sheet. They estimated the formability of 

the microchannels with various punch load and die 

roundness by applying a dynamic load. They reported that 

forming depth is enhanced by 7% via a dynamic stamping 

using a square wave. In addition, thinning is enhanced 

almost 28% via the stamping process using a sine wave. 

Hu et al. [16] investigated the stamping of the SS304 

sheet by experiment and numerical simulation. They used 

forming limit diagrams for predicting the forming defects. 

They stated that wrinkling phenomenon takes place when 

a lower velocity is used. On the other hand, the crack 

occurs in the sheet at a higher velocity. Also, a smaller 

punch radius leads to dramatically thinning. Kim et al. 

[17] compared the formability of the SS316L BPPs in 

stamping process by static and dynamic forces. The 

formability of the stamped BPPs was examined from 

various points of view (force type, size of force, die 

radius, and the cycle number). The BPP manufactured 

using sine wave dynamic load equal to 50 to120 kN, 17 

cycles, and 0.3 mm die radius exhibited more channel 

height (15%) compared with the BPP stamped with a 120 

kN static force. The influence of the process parameters 

on the surface roughness and corrosion resistance of the 

SS304 stamped BPPs was studied by Dundar et al. [18]. 

They reported a lower stamping speed, lower surface 

quality. Furthermore, by decreasing stamping velocity, 

the corrosion resistance decreases. Accordingly, it is 

suggested to set a higher stamping velocity for 

manufacturing BPPs. Chen and Ye [19] used an elastic-

plastic deformation FE model by using an updated 

Lagrangian formulation and scale factor for simulating 

the micro-stamping process of the SS304 BPPs. They 

concluded that the results of the improved material model 

were near to the results of experiment. Smith et al. [20] 

performed a comparative research to select the most 

suitable alternative for manufacturing the BPPs. They 

used materials namely SS316L, high-temperature ferritic 

SS, AA5086-O, AA1100-O, and commercially pure 

titanium. The maximum channel height and springback of 

the stamped plates were considered criteria. Their results 

demonstrated that the SS316L is the best material for 

fabricating the BPPs . 

ANFIS is a machine learning algorithm that is a 

powerful combination of neural network and fuzzy logic, 

to predict outputs based on its inputs. It uses neural 

network to train the fuzzy parameters of if-then rules 

inside its fuzzy. Result is a hybrid system capable of 

training and predicting both numerical and linguistic data, 

with wide applications introduced by Sobhani et al. [21] 

and Zhou et al. [22]. Since neural network has lots of 

applications reported in the literature [23–25], and also 

fuzzy logic is used in wide range of applications 

introduced by Benbouhenni [26], Deb et al. [27] and 

Maraki et al. [28], then a wide range of application can 

also be imagining for the ANFIS. 

Despite valuable research works on manufacturing the 

metallic BPPs, a study related to the influence of the 

process parameters on the formability of the titanium 

sheet (an initial thickness of 0.1 mm) in terms of thickness 

reduction using the stamping process was not reported 

based on the best knowledge of the authors. Titanium is a 

worthy candidate for fabricating metallic BPPs due to its 

low density and superior corrosion resistance. On the 

other hand, its formability is poor due to HCP crystal 

structure. In this research, the influence of the die 

clearance, forming velocity and coefficient of friction on 

the MTR of the titanium BPPs is investigated via the 

RSM method. A verified FE model (with experimental 

results) was used to carry out the stamping tests designed 

by the RSM. Also, an ANFIS model was used to predict 

the MTR. 

 

 

FE SIMULATION 
 
In this paper, the ABAQUS software was used to simulate 

the stamping process to fabricate BPPs for PEM fuel cell. 

The titanium sheet was modeled deformable and the 

punch and die were modeled analytical rigid. A CPS4R 

element (four-node bilinear plane stress) was used for the 

sheet. Also, the punch and die were not meshed due to 

analytical rigid considering. To obtain the material 

properties and then to introduce to the software, tensile 

test was conducted according to ASTM-E8M standard 

that   prepared  specimens  are  shown  in  Figure  2.  The  
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Figure 2. Tensile test specimens 

 

 

plastic strain ratio in different directions i.e. rolling, 

diagonal, and transverse were measured to take into 

account the anisotropy behavior of the titanium sheet. 

Figure 3 depicts the 2D FE model with channel 

dimensions. 

 

 

EXPERIMENT 
 
A titanium sheet with a thickness of 0.1 mm was used for 

manufacturing the metallic BPPs. A 200 kN press 

machine was applied to carry out the stamping 

experiments. The used core dies were fabricated with a 

parallel design and were mounted on the upper and lower 

dies as is depicted in Figure 4. 

To measure the thickness reduction of the stamped 

samples, first they were cut. Then, they were mounted and 

polished to be accurately observed throgh an optical (40x) 

microscope as is shown in Figure 5. 
 

 

 
Figure 3. 2D FE model with channel dimensions 

 
 

 
Figure 4. The core dies on the upper and lower dies 

 
Figure 5. The used microscope to observe the formed plates 

and measure their thickness reduction 

 
 
RESPONSE SURFACE METHODOLOGY (RSM)  
 
In this paper, the RSM was applied to examine the 

influence of the input parameters on the maximum 

thickness reduction of the formed BPPs. In this method, 

a quadratic full equation expresses the regression model. 

The goodness (efficiency) of the obtained model can be 

evaluated using Equation (1) with respect to the results 

of the ANOVA (analysis of variance) [29] {Modanloo, 

2016 #33}. In this equation, SSr denots the residual and 

SSt denotes the total sum of squares [30]. 

𝑅2 = 1 −
𝑆𝑆𝑟

𝑆𝑆𝑡
  (1) 

To create the RSM design, stamping parameters 

including die clearance (C), forming velocity (V), and 

coefficient of friction (µ) were considered input 

parameters. Also, the MTR of the formed BPPs was 

considered output. Eventually, 20 experiments were 

considered via the Minitab software [31] as given in 

Table 1, and then were performed via FE simulation. 

 

 
RESULTS AND DISCUSSION 

 
To validate the results of simulation, the thickness of the 

formed plates was compared with the results of 

experiment as is presented in Figure 6. As is shown, there 

is a well agreement between the results. Therefore, the 

validated FE model was used to perform the designed 

tests by the RSM. In this paper, Equation (2) was used to 

calculate MTR [32], in which t0 and tf indicate initial 

thickness of the sheet and the final thickness of the 

stamped BPP, respectively. 

𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 𝑅𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 (%) =  
𝑡0−𝑡𝑓

𝑡0
× 100  (2) 

Table 2 presents the results of MTR for all FE 

experiments. After extracting the results, the ANOVA 

was carried out for MTR and the model efficiency (R2) 

was achieved equal to 45.50%. Therefore, the assumption 

of data normality is not sensible, hence ANOVA cannot 

be utilized  to evaluate  the  main  influence  of  parameters  
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Table 1. The RSM design 

Run no. C (mm) V (mm/min) µ 

1 0.175 2 0.15 

2 0.175 2 0.15 

3 0.15 3.5 0.1 

4 0.175 2 0.2 

5 0.175 2 0.1 

6 0.2 2 0.15 

7 0.175 2 0.15 

8 0.2 0.5 0.2 

9 0.2 0.5 0.1 

10 0.2 3.5 0.2 

11 0.175 0.5 0.15 

12 0.15 3.5 0.2 

13 0.175 2 0.15 

14 0.175 2 0.15 

15 0.15 0.5 0.1 

16 0.175 3.5 0.15 

17 0.15 2 0.15 

18 0.2 3.5 0.1 

19 0.15 0.5 0.2 

20 0.175 2 0.15 

 
 

 
Figure  6. Comparison of the numerical and experimental 

results 

 
 
and to explore the regression model. Contour plots of 

input parameters regarding MTR were used to obtain the 

optimal range of them as shown in Figure 7. The bright 

blue zone implies how to gain a lower thickness 

reduction. As is depicted, when all parameters are in their 

middle value, the desired (minimum) value of the MTR is 

accessible. However, the experimental investigation 

proved this fact that lower die clearance and friction 

condition cause increasing thickness reduction and finally 

tearing in the formed sample. Figure 8 illustrates a typical 

rupture at the corner radius zone of the manufactured 

BPP. In addition, Also, forming velocity does not 

significantly impact the MTR. 

Table 2. The obtained MTR for designed experiments 

Run no. MTR (%) 

1 3.43 

2 3.43 

3 5.15 

4 5.16 

5 4.74 

6 4.74 

7 3.43 

8 4.72 

9 4.70 

10 4.35 

11 5.01 

12 4.43 

13 3.43 

14 3.43 

15 5.19 

16 4.92 

17 4.91 

18 4.69 

19 4.28 

20 3.43 

 

 

 
Figure  7. Contour plots for the MTR versus input parameters 

 

 
ANFIS Model 
 

In this section, an ANFIS model is trained with three 

inputs of die clearance, forming velocity, and friction 
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coefficient to predict the output of MTR. For this purpose, 

an ANFIS consisting of 5 layers, is used as shown in 

Figure 9. Three mentioned inputs go to the first layer, and 

convert to fuzzy if-then rules using some membership 

functions. Power of the rules is calculated in the second 

layer (rule layer), to compute the output signal by 

multiplying the signals some fuzzy operators. The third 

layer, node power is calculated and normalizes for each 

neuron, by diving each power by sum of powers. Fuzzy 

quantities are de-fuzzyfied  in  the  fourth  layer,  then the 

 

 

 
Figure 8. The ruptured titanium BPP 

 

 

 
Figure 9. Structure of ANFIS- 5 different layers 

 

 

 
Figure  10. Comparing the MTR of the experiments and 

ANFIS prediction 

output is calculated in the fifth layer based on sum of 

incoming signals from the fourth layer. 

An ANFIS model with three Gaussian membership 

functions for each input,78 nodes, 27 linear parameters, 

18 nonlinear parameters, 20 training data point, and 27 

rules is used for training and prediction. After 10 epochs 

of training, the ANFIS is well adapted for predicting the 

maximum thickness, as shown in Figure 10. While the 

surfaces relating the inputs to the output are shown in 

Figures 11 and 12, respectively. 

 

 

 
Figure  11. ANFIS surface of die clearance (C), forming 

velocity (V) and the MTR 

 

 

 
Figure  12. ANFIS surface of friction coefficient (µ), die 

clearance (C), and the MTR. 

 

 

CONCLUSION 
 
In this paper, manufacturing of titanium BPPs with 

parallel flow field via stamping process for PEM fuel cells 

was studied numerically and experimentally. The 

influence of stamping process parameters including die 

clearance, forming velocity, and coefficient of friction on 

the MTR of the titanium bipolar plats was investigated. 
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The required tests were designed using the response 

surface method and were carried out via an 

experimentally validated FE model. Results demonstrated 

that increasing friction coefficient results an increased in 

MTR. Also, the forming velocity is not an effective 

parameter on the MTR. In addition, an ANFIS model is 

trained for predicting the MTR, as a function of die 

clearance, forming velocity, and friction coefficient. 

Results showed that this method can predict the desired 

output with an excellent accuracy, due to using a 

combination of neural network and fuzzy. 
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Persian Abstract 
 چکیده 

از جنس    یمواز  ی اریش  یبا الگو  یمقاله، ساخت صفحات دوقطب  ن ی . در اکنندیم  فایا  نهیاز نظر وزن و هز   ی سوخت  یها لیدر پ  ی نقش مهم  یصفحات دوقطب

  ندیشد. سپس فرآ  ته ساخ ها شی انجام آزما ی برا  یمواز ی با الگو ی قالب مهرزن  ک یراستا،   ن یقرارگرفته است. در ا  ی مورد بررس یو تجرب  یصورت عددبه ومیتان یت

صحت مدل   رو، نی دارند و ازا ی هم مطابقت خوب  با  جی مشخص شد که نتا ، یو تجرب  ی سازهیشب  جی نتا  سه یمحدود مدل شد. با مقا ی اجزا ی سازهیبا استفاده از شب

قالب،    یشد. لق  یپاسخ طراح  هیواز روش ر  ستفادهالمان محدود با ا   یهاشی از آزما  یامجموعه  وم،یتان یورق ت  یریپذشکل  یاب یارز   یشد. برا  دییمحدود تأ  یاجزا

  ج ی در نظر گرفته شد. نتا  یعنوان خروجدر نظر گرفته شدند و حداکثر کاهش ضخامت ورق به  یورود  یعنوان پارامترهااصطکاک به  بی و ضر  یدهسرعت شکل

سرعت    رییتغ  ن، ی . علاوه بر اشودیم  شدهلیتشک  یهایقطبدر صفحات دو  یپارگ  ت ی کاهش ضخامت و در نها  ش یاصطکاک کمتر باعث افزا   ب ی نشان داد که ضر

ندارد. در ادامه،    یقابل توجه  ریتأث  یدهشکل حداکثر کاهش    یخروج  ینیب شیپ  ی برا  یقیتطب  یفاز  یاستنتاج عصب  ستمی س  ک یبر حداکثر کاهش ضخامت 

 ذکرشده آموزش داده شد.  یضخامت با سه ورود

 

 


