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Abstract  Proton exchange membrane fuel cells (PEMFCs) not only provide rapid dy-
namic response but also operate at low temperatures, which are desirable characteristics for
transportation applications. However, metal bipolar plates in PEMFCs often deform under ex-
cessive clamping pressure, resulting in uneven pressure distribution. Rib-stiffened channels 
have been proposed to increase the structural stiffness of the bipolar plates, promoting durabil-
ity. Parametric studies reveal that the supporting walls formed by the rib structure and a re-
duced top surface area contribute to better resistance against clamping force. Structural analy-
sis and experimental assessments have confirmed the effectiveness of rib-stiffened channels in 
mitigating deformation. To ensure uniform compression of the gas diffusion layer during bolt 
assembly, a combined straight and rib-stiffened flow field has been designed and validated 
through structural simulations. Rib structures do not compromise fuel cell performance, as
proved by computational fluid dynamics simulation with electrochemical reaction. 

 
1. Introduction   

Greenhouse gas emissions need to be reduced to mitigate the impact of global warming [1]. 
Recent studies have suggested that battery electric cars alone may not be sufficient to achieve 
this goal, particularly for heavy-duty and long-range applications [2]. Hydrogen has a higher 
storage capacity per unit mass than batteries, making it a potential alternative for heavy-duty 
vehicles [3]. Proton exchange membrane fuel cells (PEMFCs) are the common type of fuel 
cells used in transportation applications because of their rapid dynamic response and low op-
erating temperatures [4]. PEMFCs also have high power density, indicating that they can pro-
duce a large amount of power depending on their size and weight; this is important for transpor-
tation applications.  

PEMFCs consist of several components, including bipolar plates (BPs), membrane electrode 
assemblies (MEAs), gas diffusion layers (GDLs) and sealants. BPs separate the reactions oc-
curring at the anode and cathode. The hydrogen oxidation reaction occurs at the anode, as 
expressed in Eq. (1), and the water production reaction occurs at the cathode, as expressed in 
Eq. (2).  

 
2Anode : H 2H 2e+ −→ +

 
 (1) 

2
2

1Cathode : 2H 2e O H O
2

+ −+ + → . (2) 

 
BPs are typically made of either graphite or other metals. Each material is used depending 

on the specific application and performance requirements. Graphite BPs are widely used in 
stationary applications such as household power generation because they do not have strict 
restrictions on volume and shape [5, 6]. However, metal BPs are widely used in automotive 
applications to overcome the disadvantages of graphite BPs that are bulky and fragile [7]. Thin 
metal BPs are imperative to minimize the overall stack weight for mobile applications that are 
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manufactured by forming processes, such as stamping and 
hydroforming [8]. After stamping or hydroforming, the metal 
BPs in the stack continue to deform because of the clamping 
force. This deformation is a significant problem when replacing 
metal BPs for maintenance purposes, thereby exerting a sub-
stantial influence on cell-to-cell variations. 

To reduce the weight of the thin metal plate to a minimum 
and prevent it from being deformed, a method of uniformly 
applying the entire clamping pressure was devised. By pre-
deforming the end plate in the opposite direction, the issue of 
insufficient force application at the center was resolved, ensur-
ing uniform pressure distribution throughout [9]. Several strate-
gies have been presented to obtain uniform and optimal con-
tact pressure distribution. One approach to achieving pressure 
uniformity involves designing end plates. Lee et al. proposed a 
pre-curved end plate design to yield a uniform pressure to the 
fuel cell stack [10]. Topology optimized end plates were sug-
gested to maximize the structural rigidity and uniformize the 
pressure distribution [11].  

Another approach involves designing BPs. While maintain-
ing the structural strength, BPs are made of light aluminum 
metals. However, aluminum degrades fuel cell performance 
owing to metal ions. To prevent corrosion, coating or alloying 
methods are employed, thereby increasing the material cost 
[12]. The forming process can affect the stiffness of metal 
sheets [13]. Among the forming processes, etching of metal 
plates is also possible but not sufficiently thin to make metal 
sheets [14]. Most economical and suitable forming methods 
are hydroforming [15] or stamping [16]. The annealing process 
can harden metal sheets [17]. 

Because both forming processes use a corrugated pattern, 
forming a complex-shaped flow field is difficult. Consequently, 
parallel flow fields are commonly employed in transportation 
applications. Parallel flow fields not only address the complex-
ity issue, but also contribute to reducing the pressure drop, 
thereby minimizing the overall power consumption by employ-
ing blowers instead of compressors. However, a simple parallel 
structure can be deformed owing to excessive clamping pres-
sure, leading to an uneven pressure distribution in the GDLs 
[18]. Excessive clamping pressure can hinder gas diffusion in 
the GDL; however, insufficient pressure induces high contact 
resistance.  

This study aims to strengthen the structural stiffness of BPs 
to ensure uniform compression of GDLs and increase stack 
power density by reducing the weight of the BPs. Parametric 
studies were conducted by modifying the geometries of rib 
structures in straight channels. A comparative analysis of de-
formation in straight and rib-stiffened BPs was performed 
through structural analysis and experimentation, validating the 
improvement in structural stiffness. Bolt assembly simulations 
were conducted to achieve uniform distribution during assem-
bly, utilizing both straight and rib-stiffened combined flow fields. 
The primary objective of this work is to increase the structural 
stiffness of the BPs, while considering its potential impact on 
the electrochemical performance of the fuel cell. Consequently, 

electrochemical simulations were performed to confirm that the 
rib-stiffened flow field does not have a detrimental impact on 
fuel cell performance. 

 
2. Materials and methods 
2.1 Computational finite element analysis 

Stress and reaction forces were analyzed using metal BP 
models. To strengthen the structural stiffness of the BP chan-
nels, the structure of the rib-stiffened channels changed with 
the parameters, as shown in Fig. 1. The height (H) is the dis-
tance from the top of the flow field to the bottom of the stiffened 
rib, and width (W) is the shifting distance from the original 
channel position. The rib length (L) is the indented part, and the 
distance (D) is the gap between the ribs. Table 1 lists the geo-
metric parameters considered at each variable level. First, the 
height of the ribs was changed, while retaining the other pa-
rameters. The purpose of this simulation was to study the ef-
fects of the rib height on the deformation of BPs. After conduct-
ing the first parametric study, the height of the ribs was fixed, 
and the number of ribs was altered by adjusting their distance 
and length. Each channel had an identical distance and length. 

 
Table 1. Geometric dimensions of rib structures in rib-stiffened channels for 
PEMFCs. 
 

 Dimension (mm) 

Distance between ribs (D) 2, 3, 4, 6 
Rib length (L) 2, 3, 4, 6 

Rib height (H) 0.2, 0.4 

Rib width (W)  0.2, 0.3 

 

 
(a) 

 

 
(b) 

 
Fig. 1. Geometric parameters of a rib-stiffened channel for PEMFCs: (a) 
perspective view showing rib spacing (D) and length (L); (b) cross-sectional 
view highlighting rib width (W) and height (H). 
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Next, the ratio of the rib length to the distance between ribs 
was varied by maintaining the number of ribs and height con-
stant while changing the ratio between the length of the ribs 
and the distance between them. The final parametric study 
involved changing the width of the ribs while maintaining the 
other parameters constant. These parametric studies were 
conducted to investigate the effects of different rib geometries 
on the structural characteristics of the channel. 

Two BP designs shown in Fig. 2(a) straight, and Fig. 2(b) rib-
stiffened parallel channel design were simulated and compared 
with experimental results. Deformation of the BP during com-
pression was observed and compared with the experimental 
data. To investigate the impact of BP design on GDL compres-
sion when using bolts, two BP designs shown in Fig. 2(a) 
straight and Fig. 2(b) combined straight and rib-stiffened chan-
nel design were simulated. To compare the contact resistance 
resulting from GDL compression, both GDL deformation and 
stress were measured. Highly compressed GDL shows lower 
contact resistance [19]. The overall area of the BP was 43.2× 
33.6 mm2, along with an active area of 30×30 mm2. The chan-

nel shape is based on the BP design proposed by Peng et al. 
[20]. Both the BPs had the same channel cross-sectional ge-
ometry, as shown in Fig. 2(d). The fillet radius was not consid-
ered in the analysis owing to its negligible effect on the pres-
sure distribution. 

Commercial software ANSYS Mechanical 2021 R1 was used 
for the static structural analysis based on the finite element 
method (FEM). Fig. 3(a) is segmented channel used for the 
parametric study, including the cathode BP, anode BP, coolant 
gasket and endplates. Fig. 3(b) illustrates the boundary condi-

 

 
(a) 

 

 
(b) 

 

 
(c) 

 

 
(d) 

 
Fig. 2. Schematic of cathode bipolar plate for PEMFCs showing a parallel 
flow field with (a) straight; (b) rib-stiffened; (c) combined straight and rib-
stiffened channels; (d) detailed cross-sectional dimensions of the channels.

 

 
Table 2. Material properties of components used in structural analysis. 
 

Component Bipolar plate Gasket GDL 

Material Stainless steel Silicon rubber Carbon paper 
Young’s modulus

(MPa) 193000 15.91 6.3 

Poisson’s ratio 0.31 0.49 0.09 
Reference [21] [22] [23] 

 

 
(a) 

 

 
(b) 

 

 
(c) 

 
Fig. 3. Finite element analysis model for PEMFCs: (a) complete single cell 
and segmented channel; (b) boundary conditions with model components;
(c) the method for evaluating channel stiffness. 
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tions to analyze the deformation of the segmented BP in simu-
lation. Material properties for the structural simulation are listed 
in Table 2. The boundary conditions were applied to the upper 
and lower plates, as shown in Fig. 3(b). The endplates were 
considered as rigid bodies. The contact surfaces between the 
components were rough, to consider the gaps and avoid slid-
ing. The reaction force was measured to calculate structural 
stiffness of the channel when the end plates were moved by 
displacement as the boundary condition. 

 
channelF k Δx= × .  (3) 

 
The BP can be modeled as an equivalent stiffness spring, as 

shown in Fig. 3(c). As expressed in Eq. (3), the equivalent stiff-
ness was calculated using Hooke’s law that relates the force 
applied to the channel to the resulting displacement. For the 
simulation, the end plate was moved by a constant displace-
ment ∆x, and reaction force F was calculated. According to 
Hooke’s law, a larger reaction force corresponds to a higher 
equivalent structural stiffness because more force is required to 
achieve the same displacement. Conversely, a high structural 
stiffness indicates that the channel is less deformable. There-
fore, the measured reaction force was used to compare the 
structural stiffness of different channels. 

Fig. 4(a) depicts the components and boundary conditions 
utilized in the simulation of BP deformation, which was com-
pared to experimental data. Fig. 4(b) illustrates the compo-
nents and boundary conditions employed in the simulation of 
bolt assembly, aimed at investigating the influence of BP de-
sign on gas diffusion layer (GDL) compression during assem-
bly using bolts. 

The computational domains of the FEM model were discre-
tized with tetra-shaped meshes. A mesh size of 0.07 mm and 

mesh number of approximately 170000 were adopted through a 
grid dependency test. The average equivalent stress of the BP 
remained below 5 %. 

 
2.2 Computational fluid dynamics 

Commercial software ANSYS Fluent 2021 R2 PEMFC mod-
ule was used for the CFD simulation. Fig. 5 shows a schematic 
of the geometry used in the CFD simulation, including the BPs, 
end plates, GDL, catalyst layer, and MEA in full size. Two BP 
shown in Fig. 1, (a) straight and Fig. 1(b) rib-stiffened parallel 
channels, were used for the simulation. The computational 
domain was meshed into 4000000 mesh elements, exhibiting 
less than 7 % variation in the grid independence test. 

The governing equations, including the conservation of mass, 
momentum, energy, species, and charge, are summarized in 
Table 3. The electrochemical reaction models were based on 
the anodic and cathodic reactions in the PEMFC. The wall 

Table 3. Governing equations used in the CFD simulation for a PEMFC 
single cell analysis [24]. 
 

Governing  
equation Mathematical expression 

Electron  
transport ( )sol sol solσ Rφ∇ ∇ + = 0  

Protonic  
transport ( )mem mem memσ Rφ∇ ∇ + = 0  

Butler-Volmer 
equation 

( ) [ ]
[ ]

an an an
an an cat an

γ
α Fη a Fη

ref RT RT
an an an

ref

A
R ζ j e e

A

−⎛ ⎞ ⎛ ⎞
= −⎜ ⎟ ⎜ ⎟⎜ ⎟⎜ ⎟

⎝ ⎠⎝ ⎠
  

( ) [ ]
[ ]

cat cat cat
an cat cat cat

γ
α Fη α Fη

ref RT RT
cat cat cat

ref

C
R ζ j e e

C

−⎛ ⎞ ⎛ ⎞
= −⎜ ⎟ ⎜ ⎟⎜ ⎟⎜ ⎟

⎝ ⎠⎝ ⎠
  

Local surface 
overpotential 

an sol memη φ φ= −  
cat sol mem ocη Vφ φ= − −  

Mass  
conservation 

w,H
H an

M
S R

F
= − <2

2
0

2
 

w,O
O cat

M
S R

F
= − <2

2
0

4
 

w,H O
H O cat

M
S R

F
= − >2

2
0

2
 

Heat source 
h react an,cat an,cat Ohm LS h R η I R h= − + +2  

( )l c
l w

l

ρ s dpKsρ s r
t μ ds

∂ ⎛ ⎞
+ ∇ ∇ =⎜ ⎟∂ ⎝ ⎠

3ε  

Liquid water 
formation and 

transport  

( ) [ ]wv sat
w r w,H O

p pr c max s M , s ρ
RT

⎛ − ⎞⎡ ⎤= − −⎜ ⎟⎢ ⎥⎣ ⎦⎝ ⎠2 11  

( ) ( ) ( )( )c
c .

σcosθp . s . s . s
K
ε

= − − − + −
⎛ ⎞
⎜ ⎟
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2 3
0 5 1 417 1 2 12 1 1 263 1

Gas diffusivity ij . ij
effD ε D= 1 5  

Electrolyte phase 
conductivity ( )w T

memσ β . λ e
⎛ ⎞−⎜ ⎟
⎝ ⎠=

1 11268
3030 514  

Water content
For a < 1: λ . . a . a a= + − +2 30 043 17 18 39 85 36  

For a > 1: ( )λ . a= + −14 1 4 1  

 
(a) 

 

(b) 
 
Fig. 4. Schematic of the finite element analysis model for PEMFCs, show-
ing boundary conditions and components, focusing on (a) bipolar plate 
deformation; (b) GDL compression during cell assembly with bolts. 
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boundary conditions were set to adiabatic, assuming no heat 
flow to the atmosphere. In addition, an ideal gas mixture, 
steady-state conditions, laminar flow, isothermal system, in-
compressible fluid, and isotropic porous zone were assumed 
for the CFD simulations. 

The geometrical and operational parameters of the CFD 
simulations are listed in Table 4. The inlet velocity was calcu-
lated using the parameters for gas flow in the anode and cath-
ode flow fields. The SIMPLE algorithm was used for velocity–
pressure coupling. Owing to the laminar flow assumption in the 
PEMFC, a non-slip boundary condition was used at the wall 
[25]. 

2.3 Experimental procedure 

To validate the FEM simulation results, BPs with flow chan-
nels were fabricated using a punch and a die. SS304 metal 
sheets with 0.1 mm thickness were used for the experiments. 
The straight parallel flow field was formed using the pressing 
die, as depicted in Fig. 6(a), and the rib-stiffened channel flow 
field was achieved using the die, as shown in Fig. 6(b). To 
ensure optimal formability, ribs with a length of 4 mm, distance 
of 4 mm, height of 0.4 mm, and width of 0.3 mm were incorpo-
rated into the die design. Dies are designed to verify the de-
formation of the flow channels. Hence, only the flow channels 
were engraved, eliminating the effect of the manifold shape. 
The geometric dimensions of the punch are shown in Fig. 6(c). 

As shown in Fig. 7(a), a hydraulic press was used during the 

Table 4. Geometrical and operational parameters applied in the PEMFC 
CFD simulation. 
 

Parameters Value  

Active area ( )actA  9 cm2 

GDL thickness 0.4 mm 
Membrane thickness 0.05 mm 

CL thickness  0.005 mm 

Cell open-circuit voltage  1.228 V 
H2 exchange current density  10000 A/m2 
O2 exchange current density  10 A/m2 

Anode concentration exponent  1 
Cathode concentration exponent 1 

Anode exchange coefficient 1 

Cathode exchange coefficient 1 
CL porosity, permeability 0.2, 2e-13 m2 

GDL porosity, permeability 0.36, 5e-12 m2 

Gauge pressure at anode outlets 0 
Gauge pressure at cathode outlets 0 

H2 and Air stoichiometry 1.5, 2 

Anode and cathode inlet temperature 343.15 K 
Anode and cathode inlet RH  100 %/100 % 

Reference current density 2 A/cm2 

Area of inlet and outlet  10.2 mm*3 mm 

 

 
 
Fig. 5. Geometry of a PEMFC single cell for computational fluid dynamics 
simulation. 

 

 (a) (b) 
 

(c) 
 
Fig. 6. Upper dies used in structural experiments for the stamping process: 
photograph of an upper die featuring the (a) straight; (b) rib-stiffened chan-
nels; (c) cross-sectional schematic with dimensions. 

 

(a) 
 

(b) 
 
Fig. 7. Experimental setup and procedure for the structural experiment: (a) 
hydraulic press setup for bipolar plate fabrication; (b) process sequence 
from stamping to pressure distribution measurement for deformation analy-
sis. 
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stamping process to form patterns on the metal sheets. Fig. 
7(b) shows the manufacturing process of a BP. First, 9 t of 
force was applied to the die with a flat metal sheet to fabricate 
a BP. Subsequently, 5 t of force was applied to the engraved 
BPs between the rigid plates to induce a deformed channel 
structure through excessive clamping pressure. To measure 
the deformation of each plate, the pressure distribution was 
measured using a pressure-sensitive film (LLW, FUJIFILM Co., 
Tokyo). The pressure-sensitive film was sandwiched between 
the bottom plate and the deformed BP. The experimentally 
measured pressure distributions were compared with FEA 
simulation results. 

To verify the effect of the flow field on fuel cell electrochemi-
cal performance, electrochemical experiments were conducted 
using a single cell configuration. The active area of the single 
cell was 50 mm by 50 mm, employing straight and rib-stiffened 
flow field designs for the cathode, depicted in Figs. 2(a) and (b), 
respectively. The membrane electrode assembly comprised an 
NR-211 membrane sandwiched between two catalyst layers 
containing Pt/C (0.4 mg/cm2, 60 wt%), with gas diffusion layers 
(carbon papers, SGL 29BB, SIGARET®) of 325 μm thickness 
utilized on both the anode and cathode sides. The stoichiome-
try of the anode and cathode was set at 1.2 and 3, respectively, 
relative to a reference current density of 2.5 A/cm2. The relative 
humidity at both the anode and cathode was maintained at 
80 %. Chronoamperometry and electrochemical impedance 
spectroscopy data were collected using a potentiostat at 70 °C 
and 80 % relative humidity. 

 
3. Results and discussion 
3.1 Parametric study of structural analysis in 

segmented cell 

To evaluate the impact of the rib geometry on the mechani-
cal strength, the force required to move the end plates was 
calculated using the reaction force. First, the influence of the rib 
height (H) was investigated. The rib height was varied between 
0.4 mm and 0.2 mm, while maintaining the other parameters 
constant at 4 mm length, 4 mm distance, and 0.2 mm width. 

Fig. 8 displays the channel cross-section before and after 
deformation when both channels are compressed by the same 

displacement. As illustrated in Fig. 8(a), when the rib height 
was 0.4 mm, same as the channel height, the top surface de-
formed, whereas the side wall supported the clamping force 
without deformation. In contrast, at half the rib height, the side-
wall deformed and could not support the clamping force as 
shown in Fig. 8(b). In this case, the equivalent stress on the 
side walls was low, indicating that the structure cannot with-
stand the clamping force. 

Figs. 9(a) and (b) show the through-plane stress contours of 
the channels with 0.2 mm and 0.4 mm height ribs, respectively. 
As shown in Fig. 9(a), when the rib height was half the channel 
height, the entire channel deformed instead of supporting the 
clamping force. The deformed channels did not support the 
clamping force. Hence, the reaction force calculated from the 
simulation results is 44031 N for the 0.2 mm height and 59621 
N for the 0.4 mm height. 

The initial parametric study noted that a smaller rib height 
negatively affected the structural stiffness. Consequently, for 
subsequent simulations, the rib height was fixed at 0.4 mm, 
equal to the channel height. The second parameter was the 
number of ribs that were varied by adjusting the distance and 
length of the ribs. Specifically, the length and distance of the ribs 
were set at 4 mm for five ribs and 3 mm for seven ribs, while 
maintaining the width constant at 0.3 mm. As shown in Fig. 10, 
a larger reaction force was achieved by increasing the number 
of ribs of the same size. The edge walls of the ribs served as 

 

 
Fig. 9. Through-plane stress distribution in rib-stiffened channels with a rib 
height of (a) 0.2 mm; (b) 0.4 mm. 

 

 
 
Fig. 10. Reaction force in relation to variations in the rib width and number 
of ribs, with changes in the rib width, length, and distance. 

 

 
Fig. 8. Cross sections of rib-stiffened channels pre- and post-deformation: 
with a rib height of (a) 0.4 mm; (b) 0.2 mm, both keeping a rib spacing of 
4 mm, rib length of 4 mm, and rib width of 0.2 mm. 
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supporting columns, providing resistance to the applied force, 
and exhibiting reduced deformation. 

Another parameter to consider is the width, which determines 
the distance of shift from the original position. Channels with a 
width of 0.3 mm, as depicted in Fig. 10, resulted in a greater 
reaction force. Fig. 11(a) demonstrates how the wall on the rib 
supports enhances pressure strength. Additionally, Fig. 11(b) 
displays the undeformed shape of rib-stiffened channels, while 
Fig. 11(c) provides schematics of the channel top surface, high-
lighting wider walls on ribs with a 0.3 mm width. The increased 
width of the columns amplifies the supporting force, conse-
quently leading to a higher reaction force, as observed in Fig. 10. 
The supportive columns on the side walls significantly contribute 
to the overall stiffness of the channel structure, thereby enhanc-
ing its structural stability. Moreover, it is noteworthy that an in-
creased number of ribs and wider ribs results in more rib walls, 
as well as an amplified reaction force and structural strength. 
The greater number and width of ribs contributes to a more 
robust support system, further enhancing the overall stability 
and performance of the channel structure. 

The last parameter to consider is the ratio of the rib length to 
the distance. While the number of ribs remained constant and 
the number of ribs acting as supporting columns remained the 
same, the top surface area of the channel varied. This variation 
in top surface area with varying length and distance ratio, along 
with the through-plane stress, is illustrated in Fig. 12. Notably, 
the channel with a length of 2 mm and a distance of 6 mm ex-
hibits the largest top surface area, whereas the channel with a 
length of 6 mm and a distance of 2 mm has the smallest top 
surface area. It is observed that the top surface area of the 
channel decreases as the rib length-to-distance ratio decreases. 

As demonstrated in Fig. 13, the reaction force tends to in-
crease as the top surface area decreases. When the top sur-
face area of the channel is large, deformation occurs on the 
channel, and the side wall cannot fully resist the applied force. 
This is evidenced by smaller through-plane stress on the wall 
detected in larger top surface areas, as shown in Fig. 12(b). 
Conversely, when the length-to-distance ratio is increased, the 
top surface area becomes narrower, resulting in relatively small 
deformation, and the side walls effectively resist the clamping 
force. This is evident from the higher through-plane stress on 
the wall with a smaller top surface area, as illustrated in Fig. 
12(c). 

A smaller top surface area is less deformable and better re-
sists the clamping force. This structural strength allows for a 
reduction in the thickness of the BP. Comparing a straight 
channel with a thickness of 0.1 mm that resulted in a reaction 
force of 59093 N with a rib-stiffened channel with a length of 6 
mm, distance of 2 mm, and thickness of 0.92 mm that resulted 
in a reaction force of 59263 N, evidently, the reaction forces 
were nearly the same. The overall weight of the fuel cell stack 
could be significantly reduced using a rib-stiffened channel 
design. Utilizing the rib-stiffened channel design results in an 
8 % reduction in BP weight. If assuming a 5 kW/kg stack, the 
weight reduction could lead to an increase in power density to 
5.4 kW/kg. 

 
3.2 Structural analysis and experimental vali-

dation of bipolar plate deformation 

Full-scale straight and reinforced parallel flow-field patterns 

 
Fig. 11. (a) Through-plane stress contours; (b) cross-sectional shapes; (c) 
top surface schematics of 0.2 mm (left) and 0.3 mm (right) rib widths. 

 

 
Fig. 12. Through-plane stress distributions and channel top surface sche-
matics for varying rib-stiffened channels: (a) length 4 mm, distance 4 mm;
(b) length 2 mm, distance 6 mm; (c) length 6 mm, distance 2 mm. 

 

 
 
Fig. 13. Correlation between top surface area and reaction force with vary-
ing rib-stiffened channels (black dot) and straight channel (red triangle). 
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were formed using a hydraulic press. The reinforced flow field 
had ribs with a height of 0.4 mm, length of 3 mm, distance of 3 
mm, and width of 0.3 mm, exhibiting a higher reaction force 
than the straight parallel flow field. Fig. 14 compares the 
straight and reinforced parallel flow fields through simulations 
and experiments. Fig. 14(a) shows the deformed shape of the 
BPs after pressing with a 5 t force. Fig. 14(b) illustrates the 

pressure distribution of the deformed BPs, where red indicates 
high pressure and white denotes low pressure. Fig. 14(c) 
shows the simulation results for the through-plane deformation 
of the BPs. In straight channels, a white line appears at the 
center of the channel because of top surface deformation. The 
pressure distribution in the experimental data is in good 
agreement with the simulation results. The deformation contour 
from the full-scale structural analysis reveals that the center of 
the straight channels appears orange, indicating high deforma-
tion, whereas the reinforced channels appear yellow, indicating 
less deformation. In the case of the reinforced BP, the ribs act 
as a support, leading to a reduced deformation on the top sur-
face area. 

 
3.3 Gas diffusion layer compression 

The impact of BP flow field design on GDL compression after 
cell assembly was investigated through structural analysis. 
Pressure distribution on the GDL was compared by measuring 
through-plane stresses on the GDL's surface in contact with 
the BP. In Fig. 15(a), through-plane stress on the GDL's sur-
face is shown when using a straight flow field, while Fig. 15(b) 
displays stress when using a combined flow field. 

With straight flow field, the center exhibits less compression, 
as indicated by the yellow color. This is attributed to the end 
plate bending when bolts are fastened, resulting in greater 
pressure on the edges and less on the center. In contrast, the 
combined flow field, featuring rib-stiffened channels, not only 
mitigates end plate deformation but also efficiently transfers 
clamping pressure to the GDL. 

Contact resistance occurs at the interface where the rib 
meets the GDL. Average through-plane stress and standard 
deviation were compared in areas with stress exceeding 
0.2 MPa. For the straight flow field, the average through-plane 
stress is 0.97 MPa, with a standard deviation of 0.35 MPa. In 
contrast, for the combined flow field, these values are 
1.04 MPa and 0.32 MPa, respectively. Using the combined 
flow field results in an increased average through-plane stress 
and a reduced standard deviation because the center region is 
sufficiently compressed. Excessive compression can damage 
the GDL's microstructure, while insufficient compression can 
increase contact resistance, degrading fuel cell performance. 

 
(a) 

 

 
(b) 

 

 
(c) 

 
Fig. 14. Comparison of simulation and experimental results for full-scale 
bipolar plates: (a) fabricated plates after deformation; (b) pressure distribu-
tion analysis of deformed plates using a pressure-sensitive film; (c) results 
from computer simulations depicting through-plane deformation using 
straight (top) and rib-stiffened (bottom) channels. 

 

 
Fig. 15. Through-plane stress distribution in gas diffusion layers with (a) 
straight; (b) combined straight and rib-stiffened channels. 
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Therefore, achieving uniform compression of the GDL en-
hances fuel cell performance by reducing contact resistance. 

 
3.4 Electrochemical reaction simulations and 

experimental validation 

A CFD analysis and electrochemical experiments were con-
ducted to investigate the influence of the rib structure on elec-
trochemical performance. While rib structures are intended to 
enhance structural strength, their potential impact on electro-
chemical performance requires careful consideration. Fig. 16 
illustrates the polarization curves obtained from the fluid simu-
lation and electrochemical experiments using straight and rib-
stiffened channels. Fig. 16(a) depicts the current density-
voltage curve, and Fig. 16(b) presents impedance spectros-
copy data at 0.4 V operation. Similar current densities were 
observed between rib-stiffened and straight flow fields at high 
voltage operation, while the rib-stiffened flow field demon-
strates superior performance with higher current densities at 
low voltage operation, consistent with the simulation results. 
Discrepancies between experimental and simulation results 
arise from the presence of liquid water. In the simulation, hy-
drogen, oxygen, and water were all assumed to be in a single 
gas phase. Fig. 16(b) is a Nyquist plot analyzing the resistance 
at 0.4 V operation. The high-frequency region shows compara-
ble ohmic resistance, while the low-frequency region indicates 
that the rib-stiffened configuration exhibits reduced mass 

transport resistance. Consequently, the staggered configura-
tion of the rib-stiffened channel facilitates water discharge and 
reactant supply, leading to enhanced performance at high cur-
rent densities, signifying a reduction in mass transport resis-
tance in fuel cells.  

Fig. 17 illustrates fluid velocity vectors at 0.4 V, contrasting 

 

 
(a) 

 

 
(b) 

 
Fig. 16. Electrochemical characterization of PEMFC single cells with (a)
current density – voltage curve comparing simulation and experimental 
results; (b) experimental impedance spectroscopy data at 0.4 V using rib-
stiffened and straight flow fields. 

 

 

 
(a) 

 

 

 
(b) 

 
Fig. 17. Computational fluid dynamics results depicting fluid velocity vectors 
in the cathode channel (top), cross-sectional velocity vectors with gas 
diffusion layer (middle), and detailed velocity components (bottom) for (a) 
straight; (b) rib-stiffened channels. 
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(a) straight channels and (b) rib-stiffened channels. At the top, 
it presents the velocity vector within the channel. In the middle, 
the velocity vector is visualized within the cross-section out-
lined by the red dotted line in Fig. 17(a), encompassing both 
the channel and GDL. Finally, detailed velocity components in 
the GDL are depicted at the bottom. In rib-stiffened channels, 
flow is obstructed by rib walls, altering the flow direction. Cross-
sectional analysis reveals minimal channel-to-GDL flow in 
straight channels, whereas rib-stiffened channels exhibit flow 
vectors directed towards the GDL. Notably, the overall flow 
magnitude within the GDL is approximately twice as large, with 
the Y-direction component (aligned with the catalyst) increas-
ing from 0.2 to 0.604 and the x-direction component (in-plane) 
rising from 0.666 to 4.055. These observations indicate im-
proved reactant transport even beneath the ribs, resulting in 
effective reduction of oxygen transfer resistance and de-
creased mass transport overpotential. 

 
4. Conclusions 

To enhance the structural strength of fuel cells in automotive 
applications, a stiffened rib channel was integrated into a metal 
bipolar plate (BP) design. Through a parametric study, varia-
tions in rib height, width, length, and distance were explored to 
optimize rib shape. A higher reaction force, achieved when 
clamping the BP with the same displacement, indicated a 
stronger structure. The results of the parametric study reveal 
that an increased number of ribs with wider widths enhances 
the structural stiffness of the channel, resulting in heightened 
reaction forces. Additionally, the ratio of rib length to distance 
influences the top surface area of the channel; a larger length-
to-distance ratio leads to a smaller top surface area and re-
duced deformability. Consequently, the reinforced flow field 
with ribs exhibited greater strength compared to the straight 
flow field. This also implies the potential for achieving the same 
structural stiffness with a thinner and lighter bipolar plate. Simu-
lation results demonstrated that a 0.92 mm rib-stiffened bipolar 
plate exhibits a similar reaction force to a 1 mm straight bipolar 
plate, resulting in an 8 % reduction in BP weight. 

Flow analysis and experimental results indicated that adopt-
ing a structurally reinforced flow field improves fuel cell per-
formance. The presence of ribbed walls alters flow direction, 
inducing airflow in the gas diffusion layer (GDL) and thereby 
reducing mass transfer overpotential. Consequently, current 
density becomes more uniform, leading to enhanced perform-
ance. Structurally reinforced metal BPs effectively mitigate 
channel deformation, resulting in improved fuel cell perform-
ance. 
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