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	 The assembly locking compression force of the fuel cell directly impacts the contact area 
between the metallic bipolar plate (MBP) and the membrane electrode assembly (MEA), thereby 
affecting the electrical resistance of the fuel cell stack. In this study, we employed the finite 
element method to build a fuel cell stack simulation model to analyze the deformation and 
warpage of the MBP after being subjected to locking force. Through nonlinear contact elements, 
we showed the contact area and pressure distribution between the MBP and the MEA. The 
research results indicated that, owing to the effects of bolt locking, the left and right sides of the 
interface between the MBP and the MEA are the main contact areas transmitting the contact 
pressure. This area forms the primary support points for the bending load, leading to upward or 
downward warping deformation, and causes noticeable gaps between the bipolar plates and the 
MEA. In addition, distorted design features were added to the MBP to compare and improve the 
deformation of the MBP. The results showed that the bipolar plate with distorted design features 
can effectively reduce the maximum vertical deformation by 10.3%, which will effectively 
improve the contact area between the bipolar plate and the MEA module. This will effectively 
reduce the contact resistance of the fuel cell.

1.	 Introduction

	 Fuel cells have broad application prospects in energy harvesting. By integrating fuel cells 
with various energy harvesting technologies, it is possible to improve efficient energy conversion 
and utilization. This integration provides stable and reliable power, supporting a wide range of 
applications from portable devices to large-scale infrastructure. A proton exchange membrane 
fuel cell (PEMFC) primarily consists of a membrane electrode assembly (MEA) and a metal 
bipolar plate (MBP), forming a sandwich-like structure. It is clamped together under pressure by 
the bolts of the end plates. Accurate assembly is crucial to prevent leaks, establish a uniform 
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distribution of contact pressure, and reduce contact resistance.(1) Increasing the bolt tightening 
force and the number and location of bolts reduces the internal contact resistance of the fuel cell. 
Excess compression can also cause fuel cell components to experience excessive mechanical 
stress, leading to issues such as rupture, gas leakage, and liquid leakage. Uneven compression 
during locking can result in either too high or too low volumetric flow rates of reactants, causing 
uneven current distribution and the formation of localized hotspots, accelerating the degradation 
of the MEA and the formation of pinholes. Excess contact pressure may lead to deformation and 
damage to the gas diffusion layer (GDL)(2,3) and MEA modules, thereby affecting the 
performance of the fuel cell.(4–10) Many previous studies have explored various combinations of 
bolt configurations and tightening torque(11,12) and used finite element analysis to investigate the 
effects of the number, location, and assembly parameters of MEA modules in fuel cell stacks on 
the MBP contact area. Most of the above-mentioned research goals focus on improving the 
compression uniformity of the contact area between the MBP and the MEA modules.(1,13,14)
	 In current standardized fuel cell stacks, the main approach involves achieving consistency in 
the assembled fuel cell stack through pressure control. However, while the bolt tightening force 
can be effectively managed during stack assembly, performance aspects such as the compatibility 
between the electrodes and the bipolar plates in the fuel cell cannot be adequately 
controlled.(1,15,16) Consequently, this leads to low yield in assembled products, often resulting in 
issues such as gas leakage, liquid leakage, or poor performance of individual cells, causing the 
failure of the entire fuel cell stack.(16–18)

	 The preliminary research results indicate that appropriately designed distortion features in 
the MBP can effectively reduce contact impedance, preventing the continuous increase in bolt 
tightening pressure during assembly to maintain contact impedance.(19,20) This approach 
minimizes the differences among fuel cell units, thus avoiding other complex designs to increase 
the compressive force. In this study, we employed finite element simulation analysis to establish 
a suitable model for a fuel cell stack. The purpose is to understand the deformation of the MBP 
under the pressure of bolt locking in the fuel cell stack model. In this study, we will validate the 
analysis results by comparing with previous literature(21) and further explore the effects of 
distortion features on MBP deformation, providing recommendations for future design 
improvements.(22–24)

2.	 Materials and Methods

	 In order to compare with the experimental results of previous studies exploring the distorted 
design features of the MBP, we constructed a finite element model of the fuel cell stack based on 
the components used in this research.(21) The composition and parts of the fuel cell stack model 
in this study are shown in Fig. 1. In the figure, the green components represent the MEA 
modules, the blue and red components represent two different materials of gaskets, the gray 
components are the bipolar plates, and the yellow components are the top and bottom end plates. 
Each single cell consists of the MEA, the MBP, and two types of gasket. The fuel cell stack 
model studied in this research comprises eight sets of single cell assemblies, and the top and 
bottom end plates form the entire fuel cell stack.(22,23,25)
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	 For the normal trapezoidal MBP with flow channel features, detailed geometric dimensions 
are shown in Fig. 1(b). In this study, a distorted design feature was implemented on the MBP, 
setting the misalignment offset on both sides to 0.3 and 0.7 mm. This was done to investigate the 
impact of this feature design on the warping of the MBP and to compare it with relevant research 
papers.
	 In this study, a 1/2 model symmetry setting is adopted for the constructed 3D finite element 
model of the fuel cell stack. The mesh setting for components such as the MEA, gasket, and end 
plate adopts a hexahedral mesh construction with an element size of 2.0 mm. However, owing to 
the irregular shape of the bipolar plate caused by the distorted design features, a tetrahedral 
mesh construction is employed with an element size of 1.5 mm. The entire fuel cell stack 
analysis model consists of a total of 327857 nodes, with a total of 113404 mesh elements.
	 The 3D fuel cell stack solid model was constructed using the computer-aided design software 
SolidWorks (SolidWorks 2016; Dassault Systems SolidWorks Corporation, Waltham, MA, 
USA). Subsequently, finite element simulation analysis was performed using the commercial 
code of ANSYS (ANSYS 19.0, ANSYS Inc., Canonsburg, PA, USA) to analyze deformations 
and the gap between the MBP and the MEA. In the finite element model, the material properties 
for the MEA, Gasket1, and end plate in this fuel cell model are set as steel, with a Young’s 
modulus of 345 MPa and a Poisson’s ratio of 0.3. The material properties for Gasket2 are set as 
rubber with a Young’s modulus of 16 MPa and a Poisson’s ratio of 0.45. The MBP is set as 
stainless steel with a Young’s modulus of 206 MPa and a Poisson’s ratio of 0.247.(6,15)

	 Under the boundary conditions, the analysis model explores the contact areas and the gaps 
generated between each layer of bipolar plates and MEA structures. Local gaps will increase the 
contact resistance, which affects the overall impedance of the fuel cell stack. Therefore, contact 
elements are employed to simulate the compression or separation of interfaces between the MEA 
module and the MBP, as shown in Fig. 2. In the analysis model, a load of 1.5 N is applied to the 

Fig. 1.	 (Color online) Model of fuel cell stack and two different flow channel features of MBP.(21) (a) Fuel cell stack 
Model, (b) normal MBP, and (c) MBP with distorted feature.

(a)

(b)

(c)
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bolt region of the fuel cell base, and symmetric boundary conditions are set on the symmetry 
plane of the 1/2 model.

3.	 Results

	 Figure 3 shows the overall deformation analysis results of the symmetrical fuel cell stack 
using finite element analysis. In Fig. 3(a), the entire fuel cell stack undergoes almost uniform 
downward deformation due to the tightening force of the bolts on the upper and lower end plates, 
with a deformation value of approximately 0.003 mm. The deformation values of the upper end 
plate and the left and right gaskets are similar, but the bipolar plate components exhibit more 
noticeable geometric deformations. In particular, there is a significant relative displacement 
observed in the middle region of the upper plane of the trapezoidal structure of the MBP and 
MEA, as depicted in Fig. 3(b).
	 In Fig. 3(c), the sectional plot of the trapezoidal structure of the MBP clearly reveals 
significant deformations and warping. The trapezoidal geometric structure of the bipolar plates 
undergoes noticeable deformations and warping. Owing to the relatively high material strength 
of the two end plate components and the gasket elements on two sides of the fuel cell stack, the 
overall results of the deformation analysis indicate predominant displacement in the vertical 
direction.
	 The vertical displacement (Y-direction) of the fuel cell stack model is shown in Fig. 4. In the 
figure, positive values represent upward displacement whereas negative values represent 
downward displacement. The results of the analysis indicate that the overall external structure of 
the fuel cell experiences nearly zero displacement in the vertical direction (depicted by the green 
region). It should be noted that each layer of bipolar plates, particularly in the region adjacent to 
the lower MEA, exhibits an upward warping displacement, with a maximum warping value of 
approximately 0.1085 mm.
	 Similarly, the MBP exhibits a downward warping displacement with a maximum value of 
1.085 mm in the region adjacent to the upper MEA. In Fig. 4, the bipolar plates in the regions 
adjacent to the upper and lower MEAs are defined as A1, A2, A3, A4, and A5, respectively. The 

Fig. 2.	 (Color online) Contact interface between MBP and MEA.



Sensors and Materials, Vol. 36, No. 12 (2024)	 5179

Fig. 3.	 (Color online) Results of total deformation on fuel cell stack model. (a) Full model, (b) bipolar plate, and (c) 
bipolar plate cross-sectional view.

Fig. 4.	 (Color online) Distribution results of Y-directional deformation on fuel cell stack model.

(a)

(b)

(c)
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vertical displacement values of the trapezoidal bipolar plate structure in the A2 and A4 regions 
are smaller, indicating a smaller gap between the MBP and the MEA in these areas. This results 
in a larger electrode contact area and a reduced contact resistance.
	 Between the MBP and the MEA, this research analysis model uses contact elements to 
represent the pressure gap and contact area at the interface of the two. Figure 5 shows the 
distribution of the contact pressure for the contact elements between the interfaces. The analysis 
results showed that the contact area in the vicinity of the upper and lower MEAs in the bipolar 
plate structure is rectangular, as indicated by the blue region in the figure. On both sides of each 
rectangular contact area, there is a noticeable contact pressure from the squeezing contact 
between the MBP and the MEA. In Fig. 6, the results indicate that a microgap of approximately 
30 µm is generated in the central region of the rectangular contact area between each bipolar 

Fig. 5.	 (Color online) Contact pressure between MBP and MEA.

Fig. 6.	 (Color online) Contact gap between MBP and MEA.
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plate and the MEA. This gap will lead to an increase in contact resistance, resulting in a decrease 
in the efficiency of the cell reaction.
	 Regarding the results of the stress analysis, the regions with higher stress are primarily 
distributed on the MBP. As shown in Fig. 7, the maximum stress values occur at the corners of 
the trapezoidal structure and in the central area of the contact region between the MBP and the 
MEA module. This corresponds to the earlier observation of larger deflections in the bipolar 
plate.
	 By incorporating a distortion feature design(7) into the flow channel of the MBP, as shown in 
Fig. 1, we compared the different distortion feature designs with 0.3 and 0.7 mm offsets. The bar 
chart in Fig. 8 illustrates the comparison of their maximum vertical deformation values. The 
analysis results indicate that the MBP with a distorted design feature, with 0.3 mm offset, 
reduces the maximum displacement to 103.31 𝜇m. Adopting a 0.7 mm distortion feature further 
decreases the maximum displacement to 98.978 µm. Compared with the 0.3- and 0.7-mm-offset 
MBPs, the maximum displacement of the normal MBP model is 108.52 µm, which is 
significantly reduced by 5.21 (4.8%) and 11.21 µm (10.3%), respectively. The results demonstrate 
that bipolar plates with a distortion feature design effectively reduce the maximum vertical 
displacement on the MBP, resulting in a reduction of 10.3%. Figure 9 shows that the 0.3- and 
0.7-mm-offset MBPs with a distorted design feature has maximum vertical stress values of 0.36 

Fig. 7.	 (Color online) Von-Mises stress of bipolar plates in fuel cell stack model. (a) Full model and (b) bipolar 
plate.

(a)

(b)
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and 0.39 MPa, respectively. In comparison with the 0.3- and 0.7-mm-offset MBPs, the normal 
MBP model has a significantly lower vertical stress value of 0.28 MPa, representing increases of 
0.08 (28.5%) and 0.11 (39.2%), respectively.

4.	 Discussion

	 The main purpose of this study is to investigate the deformation of the MBP and MEA in a 
fuel cell stack under the bolt clamping force.(11,26–28) Through finite element analysis, the overall 
deformation results of the fuel cell stack can be obtained, with the primary deformation and 
warping occurring in the bipolar plates. This aligns with experimental results, where the 
excessive deformation of bipolar plates leading to MEA extrusion damage is a common 
occurrence in assembled fuel cell stacks. Furthermore, the Von-Mises stress results indicate that 
regions with deformation in the MBP exhibit higher stress values.
	 If we focus on the vertical direction of stress, it is evident that there is compressive stress on 
the inner side of the trapezoidal bipolar plate’s corner area and tensile stress on the outer side 
(Fig. 10). The results from the horizontal direction of stress (Fig. 11) indicate that compressive 
stress appears in the warped and deformed area on the MEA side of the bipolar plate, while 
tensile stress is observed on the flow channel side. This deformation trend in the region closely 
resembles the structural bending deformation in the middle area, creating a gap. This situation 

Fig. 8.	 (Color online) Maximum vertical deformation values of normal MBP and MBP with distorted design 
feature.

Fig. 9.	 (Color online) Maximum vertical stress values of normal MBP and MBP with distorted design feature.
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aligns with the distribution of the gap between the MBP and the MEA interface, and this gap 
reduces the contact area, leading to an increase in contact resistance.
	 The cross-sectional deformation diagram of the bipolar plate in Fig. 12 shows that the bipolar 
plate with 0.7 mm deformation design characteristics can effectively reduce the vertical 

Fig. 10.	 (Color online) Vertical stress of MBP. (a) Full model and (b) bipolar plate.

Fig. 11.	 (Color online) Horizontal stress of MBP.

(a)

(b)
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displacement by 10.3% compared with the general traditional bipolar plate. In this figure, the 
region where the bipolar plate’s distortion features are increased allows for localized deformation 
when subjected to the force applied by bolt locking. This provision of localized permissible 
deformation effectively reduces the vertical warping deformation of the bipolar metal plate with 
the MEA.
	 However, the increased deformation in the region with distorted features indirectly raises the 
bending amount in the upper and lower turning regions of that area. Consequently, the stress in 
these upper and lower turning regions exhibits a noticeable increase, with the maximum stress 
occurring in this region. As depicted in Fig. 13, the vertical stress results for the MBP showed 
that the maximum stress in the upper and lower turning regions increases from the original 0.28 
to 0.39 MPa. With the distorted design feature, the MBP experiences an approximately 39.2% 
increase in maximum stress.

5.	 Conclusions

	 The analysis results indicate a significant impact of the assembly pressure between the MBP 
and the MEA in a fuel cell stack on contact resistance. Maintaining an optimal locking pressure 

Fig. 12.	 (Color online) Deformations in cross sections of (a) normal and (b) 0.7 mm distorted feature MBPs.

Fig. 13.	 (Color online) Vertical direction stresses of (a) normal and (b) 0.7 mm distorted feature MBPs.

(a) (b)

(a) (b)
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of the assembly bolt is essential to ensure effective contact without causing detrimental 
deformations. Balancing the pressure is crucial to prevent local or overall deformation, thereby 
preserving the gas diffusion capacity of the fuel cell stack and preventing a decrease in current 
density. In contrast, too little pressure can result in excessively high contact resistance. 
Therefore, there exists an optimal locking force for the fuel cell stack to achieve maximum 
efficiency.(11) Previous studies have addressed this by employing MBPs designed with distorted 
features, effectively improving the uneven distribution of pressure without altering the 
compressive force.(7,27)

	 In this study, special focus was placed on the interface between bipolar plates and MEA 
modules using contact elements for nonlinear analysis. Through these contact elements, the 
results of the analysis vividly illustrate the contact gap and contact pressure between the MBP 
and the MEA. Clear contact pressure is observed notably at the left and right edges of the contact 
surfaces. The interface between the MBP and the MEA primarily uses these two contact regions 
to transmit contact pressure and serves as the primary support for the main bending load. This 
situation leads to deformations on the contact surface, causing the upward or downward bending 
of the bipolar plate and MEA at the contact interface. The results indicate that the locking force 
of the bolts causes a noticeable gap between the MBP and the MEA.(29,30) This contact gap 
contributes to an increase in contact resistance, leading to an elevated internal resistance in 
proton exchange membrane fuel cells within the fuel cell stack. In this study, we simulated the 
deformation and warping of MBPs under clamping forces, a focus rarely seen in previous 
research. This approach not only considered the pressure distribution on the bipolar plates but 
also incorporated nonlinear contact elements to accurately simulate the contact area and pressure 
distribution between the MBP and the MEA, providing a more precise understanding of fuel cell 
performance variations. Additionally, we simulated the previous MBP design of distorted design 
features, comparing the effects of 0.3 and 0.7 mm misalignment gaps on plate deformation. 
Results showed that these design features effectively reduced the maximum vertical deformation 
by 10.3%, thereby increasing the contact area between the MBP and the MEA and reducing the 
contact resistance, significantly improving the overall fuel cell performance. Moreover, we 
conducted an in-depth analysis of the contact pressure distribution between the MBP and the 
MEA, revealing that the clamping force of the bolts led to noticeable contact gaps between the 
bipolar plates and the MEA. These gaps increased the contact resistance and reduced the 
efficiency of the cell reactions. This analytical process and its results are rare in previous studies, 
particularly in the comprehensive consideration of contact pressure and deformation features.
	 In this study, we demonstrated the potential of optimizing the MBP using distorted design 
features and provided specific design improvement recommendations. These results provide 
new insights and practical solutions for the future design and performance optimization of fuel 
cells. Additionally, we established an effective simulation analysis model for the deformation 
analysis of fuel cell bipolar plates and the analysis of contact pressure and deformation with 
distorted design features. In future work, we will leverage the contact pressure of MBPs with 
distorted design features to estimate the optimal clamping pressure and bolt parameters to 
maximize the efficiency of the fuel cell stack. Furthermore, we will explore altering other 
feature patterns of bipolar metal plates to investigate the assembly of the cell stack with minimal 
clamping force and to achieve optimal contact resistance.
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