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Abstract

In present paper a low-resource-demanding targeted manufacturing technique is demonstrated for serpentine-structured bipolar 

plates (BPPs) for Proton Exchange Membrane Fuel Cell (PEMFC) test systems. In the phase of the technical design, Computational 

Fluid Dynamics (CFD) simulations were conducted to analyze the BPPs during continuous operation. The simulations revealed that 

the proposed 4-serpentine flow field with channel and land width of 1 mm and channel depth of 2 mm effectively distributes reactant 

gases across the active area of the Membrane Electrode Assembly (MEA), minimizing stagnant flow regions under operating conditions. 

The CFD simulations demonstrated that the flow channel design facilitated efficient water drainage, reducing the risk of water 

accumulation that could impede gas diffusion and decrease cell performance. Water mole fraction at the outlet was calculated to 0.3, 

while power dissipation density of the active areas reached homogeneously 5.4 × 10−3 W/m3. BPPs with the appropriate structure were 

manufactured through a cost-efficient Wire Electrical Discharge Machining (WEDM) and Computer Numerical Control (CNC) milling 

technique highly appropriate for unique production of test cell components.
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1 Introduction
Proton Exchange Membrane Fuel Cells (PEMFCs) have 
gained increasing attention as a clean and efficient energy 
conversion technology, particularly in transportation and 
portable power applications [1,  2]. Membrane Electrode 
Assemblies (MEAs) are the core units of the fuel cells, 
as  they are responsible for the effective electrochemical 
reactions and the ion transfer required for the completion of 
chemical processes to produce electric energy from chem-
ical energy. However, voltage obtained from a single MEA 
is moderate, thus MEAs are connected through bipolar 
plates (BPPs) in series in the fuel cell stacks. BPPs influence 
the performance, efficiency, and durability of PEMFCs, 
and  serve multiple functions: distributing reactant gases, 
collecting current, and managing water and heat [3–6].

Among various flow field designs, the serpentine pat-
tern is widely used due to its effective water removal and 
enhanced reactant distribution ability [7]. However, opti-
mizing its geometry requires balancing manufacturing 
feasibility, pressure drop, and uniform flow distribution 

across the active area. Busqué et al. [8] demonstrated that 
the trapezoidal flow channel cross-section is more favor-
able than rectangular ones in the sense of current den-
sity, temperature and reaction rates. By Hajagos et al. [9] 
semi-circular channels on the anode side to improve 
hydrogen flow and U-shaped channels on the cathode 
side were developed for better hydrogen flow and water 
removal, respectively. Among rectangular channels, when 
stoichiometric ratio of hydrogen is 1.5, the standard type 
of BPP (land width = 0.75 mm, channel width = 1.05 mm) 
was proven to be the best, however, at increased stochio-
metric ratio the wider one, at which the hydrogen cross-
over also was significant, overperformed it [10]. Obstacles 
in the channels with different shapes influence the perfor-
mance significantly, too [11].

To date, several types of materials, such as metals, graph-
ite and advanced polymers have been developed for BPPs 
to ensure high electric and thermal conductivity as well as 
corrosion resistance [12, 13]. Material selection, however, 
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limits the reasonable manufacturing processes of these 
sophisticated components; in addition to the improved mill-
ing technologies, new concepts also have appeared such as 
micro-electrical discharge machining milling, rolling, EMF 
or laser-utilizing additive technologies [14–18]. Semi-
stamp forming process was shown to improve the dimen-
sional accuracy of the rubber forming process of serpentine 
channels [19], but double-step hydroforming process also 
can be feasible for complicated flow patterns [20].

This paper focuses on a low-resource-demanding man-
ufacturing technology of serpentine-structured BPPs for 
self-developed fuel cell stacks including precision design, 
and presents Computational Fluid Dynamics (CFD) sim-
ulation to analyze gas flow behavior and water manage-
ment to enhance targeted production. The insights gained 
aim to support the development of high-performance and 
cost-effective PEMFC test systems.

2 Modelling of the BPP flow channels
2.1 Composition of the fuel cell under study
Components of the fuel cell stack are presented in Table 1 
and Fig. 1.

MEAs, electrochemically active parts of the cells are 
embedded between two BPPs, and the series is closed with 
closing plates, current collectors, isolating panels and end-
plates on both ends. Hydrogen is transferred to the anode 
side, while oxygen/air to the cathode side. This side of the 
BPPs are also responsible for the drainage of the product 
water. O-rings, fasteners, plate springs and cutting ring fit-
tings are required for the stable assembly and gas tightness.

To simplify the manufacturing, two sides of the BPPs 
were manufactured in two separate plates, which were com-
pressed to each other at their water cooling sides in the stack.

2.2 Software background for BPP modelling
COMSOL Multiphysics is a  powerful simulation soft-
ware [21] widely used in various scientific and engineer-
ing fields, including fuel cell modelling and simulation. 
This software allows users to study in detail the operation 
of fuel cells and optimize their performance. COMSOL 
Multiphysics allows simultaneous modelling and simu-
lation of multiple physical phenomena, which is partic-
ularly important for fuel cells where thermal, flow and 
electrochemical processes are all involved. With the inte-
grated Model Builder, users can easily create and man-
age models, including the definition of geometry, material 
properties and physical parameters. Its fuel cell module 
integrates the Navier-Stokes equations (for free flow) and 
the Darcy or Brinkman equations (for porous media flow) 
within a single simulation. This allows accurate model-
ling of situations where the fluid transitions between free 
and porous regions, as well as electrolyte data, charac-
teristics of the electrochemical reaction kinetics, initial 
potential values, initial humidity and temperature values 
for gases are involved in simulating the working condi-
tions of the whole fuel cell.

2.3 Model of the BPP in the single-cell stack
BPPs were designed with 4 serpentine channels of 1 mm 
width and 2 mm depth. The single cell model in Fig.  2 
shows a model created in Creo Parametric CAD soft-
ware  [22]. The inflow channels and serpentine channels 

Table 1 Required components of the fuel cell

Component Material/type Number

Endplate C45 2 pieces

Isolating panel – 2 pieces

Current collector Cu 2 pieces

Closing plate 1.2085 2 pieces

BPP 1.2085

No. MEAs + 2 pieces. 
In this case 2 × no. of 
MEAs + 2 pieces of 

half-plates.

MEAs According to 
construction

According to 
construction

O-rings NBR70 According to 
construction

Fasteners, socket 
head cap screw M6 × 130 According to 

construction

Plate ring Meusburger tool 
standard, d6.5/13 × 1.2

According to 
construction

Swagelok® fittings SS-6M0-1-2 According to 
construction

Fig. 1 Block chart of a fuel cell stack consisting of 5 MEAs
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are the inverse of the real model, i.e., the flow channels 
in the BPPs appear solid in Fig. 2 and the air voids are the 
walls of the BPP.

To reduce the time required to run the model, a simplified 
model was created, in which the rounded edges of the flow 
channels have been eliminated, and instead of the complex 
geometry of the inflow channels, a simplified rectangular 
mesh has been integrated making meshing much easier, 
while not significantly affecting the accuracy of the calcu-
lations (Fig. 3). Deviations on the simulated polarization 
curves, the main indicators of the fuel cell performance, 
were below 3% at any point before and after simplification.

Rectangle meshing was applied to improve the meshing 
resource efficiency. On the different parts, meshing with 
different density was applied, depending on their thickness. 
A meshing generator called Edge was applied to create divi-
sions within the boundaries, allowing to control, for exam-
ple, the thickness of the membrane in terms of how many 
layers it should be sliced into (Fig. 4). The initial default 
meshing generated for the cell model was over 2 million 
elements, the simplified model is resolved to 650 thousand 
elements, greatly speeding up the simulations.

To simulate the gas distribution in the flow chan-
nels during stationary operation, fuel cell parameters 
have to be implemented and specified for each system. 
Expected parameters of the MEAs to be applied later in 

the laboratory tests are summarized in Table 2. Power dis-
sipation at the MEA is depicted in Fig. 5.

High-density regions in Fig. 5 appear at the gas flow 
channels thanks to the active electrochemical reactions. 
Apart from the edges, there are no low-energy regions 
within the horizontal plane, indicating the homogeneous 
distribution of reaction sites, which is the result of the 
appropriate gas transport in the BPPs.

Table 2 Fuel cell parameters applied during the gas flow simulations

Parameter Measure Unit

GDL thickness1 2.1 × 10−4 m

Porous electrode thickness1 2.125 × 10−4 m

Membrane thickness1 2.75 × 10−5 m

GDL porosity1 2.10 –

Catalyst layer electrolyte (ionomer) 
volume fraction1 0.25 –

Catalyst layer pore volume fraction1 0.30 –

GDL permeability1 1.9 × 10−12 m2

Catalyst layer permeability 10−14 m2

GDL conductivity1 125.00 S/m

Membrane conductivity1 5 S/m

Cell temperature2 353.15 K

Reference pressure2 10133 × 105 Pa

Cell voltage2 0.4 V

Reference exchange current density, cathode 0.001 A/m2

Reference exchange current density, anode 100 A/m2

Transfer coefficient cathode 0.5 –

Specific surface area 1 × 107 1/m

Humidification temperature2 65 °C K

Anode stochiometry2 1.5 –

Cathode stochiometry (operation in air)2 1.3 –

Hydrogen back pressure2 3.5 bar

Oxygen back pressure2 3.3 bar
1 Goal parameters of the MEA under development.
2 Proposed test parameters of the fuel cell under development.
Unmarked data were implemented from the demo data set of COMSOL 
Multiphysics [21].

Fig. 2 Inverse model of the fuel cell with one MEA

Fig. 3 Simplified model of the fuel cell

Fig. 4 Meshing in the fuel cell model
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At the cathode side the distribution of the product water 
in the BBP channels is an indication of the reaction and 
material transport efficiency. In Fig. 6 on the cathode 
side BPP channels water mole fraction increases contin-
uously from 0 to 0.25–0.30 at the outlet, without water 
traps. In  these circumstances water transfer is effective, 
and flooding of the MEA can be avoided [23, 24].

In Figs. 7 and 8 continuous hydrogen and oxygen mol 
fraction decrease can be observed, which is evidence of 
the effective gas flow in the channels.

Based on the CFD results on the flow channel design, 
BPP with composition depicted in Fig. 9 was developed.

3 Manufacturing
3.1 Material selection
For BPP material corrosion resistant and magnetizable 
steel was selected to enhance processability with grade of 

1.2085, which has high chromium content, but character-
ized by a ferritic structure. This type of tool steel (from 
standard parts of suppliers) is stress relieved.

It is important that the internal stresses released during 
machining do not cause significant warpage. To achieve 
the desired surface roughness and flatness-parallelism, 
the machining of the plates was completed by surface 
grinding, which required clamping on a magnet table. 
Hung et al. [25] demonstrated that in case of die-sink-
ing micro-electrical discharge machining the increment 
in the material removal increased the surface roughness, 
the effect of which on the cell performance was not obvi-
ous probably due to the large channel depth (600 mm). 
In our case roughness after grinding was appropriate.

Fig. 5 Total power dissipation density (W/m3) at operation at 0.4 V

Fig. 6 Water mole fractions at the cathode side at operation at 0.4 V

Fig. 7 Hydrogen mol fraction at the anode side at operation at 0.4 V

Fig. 8 Oxygen mol fraction at the cathode side at operation at 0.4 V
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3.2 Selection of machining tools
All connection plates in fuel cells should be designed with 
identical reference holes for easy and accurate gripping 
and resetting, which also help to ensure accurate connec-
tions during assembly. After cutting and setting the uni-
form sheet sizes, 4 (corner) d6H7 reference holes are made 
in each plate by WEDM (Wire Spark Machining) with 
a Fanuc Tape Cut-W2 instrument. The same concept was 
used for gas and water inlets and outlets.

CNC milling and drilling using a TOS FV30 NCT100 
device was choosen for fine processing. There are opera-
tions on both sides of the plate, so a clamping device had 
to be manufactured to ensure that the base is always main-
tained after milling. 

During clamping, two grinded shoulder screws were 
used diagonally at the corners to ensure H7/g6 fit quality 
and hold in position (Fig. 10). The other generic screws 

were responsible for pulling the plates down. The center 
screws are removed and installed in a programmed manner, 
depending on where the milling is taking place. After the 
programmed M00 (program run stop), they are installed 
or removed or reassembled to ensure no collisions.

Small milling tools should be used in case of the grooves, 
pockets and their corner radii. This makes production 
more difficult because very high speeds are required. List 
of the carbide tools chosen: BR55-4E-010, BR55-4E-015, 
BR55-4E-030. Tool paths are presented in Fig. 11.

The selected methodology, taking into account the 
machine capability and tooling target tool diameter (d), 
depth of cut (az ), radial depth of cut (ae ), feed rate (F), 
number of revolutions (S) is detailed in Table 3.

A 0.2 mm/side allowance was applied during all mill-
ing operations to allow for the final operation of surface 
grinding to adjust the proper surface roughness, which 
is important for the sealing of the MEA electrode assem-
bly. The O-ring groove depths were set to 0.2 mm sealing 
tightness. Products are depicted in Fig. 12.

4 Conclusions
BPPs are critical components of the fuel cells due to their 
gas and water distribution role. In this study flow chan-
nel structure was simulated to assess the behavior of the 
BPP under working. The designed component was then 
manufactured by conventional WEDM a CNC milling, the 

Fig. 9 Drawing of the BPP

Fig. 10 BPP clampig for CNC milling, matched shoulder bolts with 
clamping screws: (a) water cooling side, (b) serpentine side

Table 3 Applied milling parameters: tool diameter (d), depth of cut (az), 
radial depth of cut (ae), feed rate (F) and RPM (S)

d (mm) az (mm) ae (mm) F (mm/min) S (1/min)

1.0 0.05 0.3 × d 50 8000

1.5 0.1 0.4 × d 80 6000

3.0 0.2 0.6 × d 120 4000

Fig. 11 Tool paths: (a) for water passage (b) for O-ring grooves around 
passages, (c) for the gas transfer and cooling pocket, (d) for the 

serpentine channels
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