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Proton exchange membrane fuel cells (PEMFCs) are promising energy devices that directly convert
chemical energy of fuels such as hydrogen to useful work with negligible environmental impact and high
efficiency. The channel geometry of the Bipolar Plate (BP) has a considerably impact on the PEMFC
performance. BP designs based on nature-inspired structures such as leaves, lungs or sponges have been
explored to date with success but have not yet achieved their full potential. With the objective of
researching new flow field designs with enhanced operation, this work presents an experimental
analysis of a novel bioinspired design of the channels of a PEMFC. Starting from a CFD fluid flow analysis
of different novel initial biomimetic designs, the most promising one was selected, manufactured and
tested experimentally. Experimental results comprise polarization and power curves for a comprehen-
sive set of operating conditions. Results were analysed and compared against a reference parallel-
serpentine model. Results indicated that the proposed novel biomimetic design is particularly suited
for improving water management at high reactants humidity reaching out a peak power a 6.0% higher in
comparison with the reference design. Future research should further develop novel design variants and
analyze water distribution within the channels.
© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Biomimicry or biomimetics, derived from the Greek words bio
(life) and mimesis (imitation), can be defined as a new science that
studies nature's models and then imitates or takes inspiration from
these designs and processes to solve human problems [1].

Due to the complexity and heterogeneity of biological systems,
the number of features that might be imitated is large and thus
Biomimicry could in principle be applied in many fields. Taking the
example of plants, leaf veins systems form an integrated network
responsible for water, nutrient, and sugar transport, that has been
optimized according to evolution via natural selection in terms of
simplicity, durability and efficiency. Other similar examples of
biological transport systems of interest include lungs or sponges. By
analogy with such biological systems, one of the functions of Bi-
polar Plates in Polymer Electrolyte Membrane Fuel Cells (PEMFCs)
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is to distribute reactants and evacuate waste products (Fig. 1).
Bipolar Plates are key components for ensuring an appropriate

water management within the cell, preventing flooding and
enhancing the cell operation at high current densities [2,3]. A
properly optimized flow design allows the fuel cell to develop
uniform and stable power output and correctly manage spin-off
water from the reaction [4]. The design of the flow channels may
vary; they may be linear, serpentine, parallel, comb-like or evenly
spaced [5]. Each flow field design has its advantages and disad-
vantages in terms of distribution and pressure drop of the re-
actants, maximum speeds in channels, ease of dragging of the
water product, contact surface with the Gas Diffusion Layer to
facilitate the conduction of electrons, among others. In addition,
with each of the different configurations, the section of the chan-
nels and their dimensions can be modified, and consequently there
are numerous design variables that influence the final performance
[6]. A contribution in this matter was analysed by Heck et al. [7],
who studied the relative effects of pressure and distribution char-
acteristics in traditional serpentine and parallel flow fields designs
on a fuel cell unit and proposed a method of decoupling these ef-
fects. They obtained a 17% better performance of the serpentine
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Fig. 1. Analogy of different biological structures with transport and distribution of fluids and PEMFCs.
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design and conclude that the major contribution was due to mass
transport effects (12%), while the rest (5%) was due to the effect of
increased pressure loss.

There has been an increasing trend aiming at recreating nature-
inspired bipolar plates with higher performance [2] and several
numerical and experimental works can be found in the literature
including bioinspired designs by leaves, lungs, or sponges among
others.

Leaves have been used as inspiration for a wide variety of de-
signs and works. Several research works can be found in the liter-
ature with numerical results that predict advantages in the new
leaves-inspired designs in comparison with conventional designs,
in terms of overall pressure drop and homogeneity velocity dis-
tributions throughout the flow channels [8e11], water removal [12]
or cell performance improvement [9,10]. Some experimental re-
sults also corroborate the potential of BP designs bioinspired by
leaves. Kloess et al. [13] experimental studies obtained an incre-
ment up to 30% in peak power, Saripella et al. [14] experiments
revealed improved water management and fuel cell performance
characteristics and, more recently, Kahraman and Coban [15]
observed a performance improvement up to 42.1% in comparison
with the standard serpentine design.

Concerning BP bioinspired designs by lungs, Kloess et al. [13]
numerical and experimental results also found that lower pressure
drop, as well as a more uniform gas distributionwhen compared to
conventional serpentine designs. Ozden et al. [16] studied three
different designs bioinspired by lungs and concluded that all of the
bioinspired flow fields demonstrated their highest performance
when used on the cathode. However, even though with their best
flow field configuration the peak power density was higher than
the conventional serpentine design, results in general did not
demonstrate a significant improvement in performance. Asadzade
et al. [17] studied a novel bipolar plate based on lung-shaped bio-
inspired flow pattern throughout CFD simulations and obtained
better results in terms of the polarization curve and power density
curve with respect to the serpentine reference design. Trogadas
et al. [18] applied the fractal geometry of the lung to overcome
reactant homogeneity issues and also obtained experimentally a
performance improvement with respect to a conventional
serpentine flow field. Further experiments were carried out for the
lung-inspired design by means of Neutron Radiography [19], in
order to assess the liquid water content and distributions for
different relative humidity values.

Less works can be found in the literature regarding sponges
bioinspired designs. Karthikeyan et al. [20] investigated the influ-
ence of 2 mm porous carbon inserts in different channel designs
and found that the zig flow field patternwith porous carbon inserts
produced higher current density compared to others. They also
found that, by the capillary action of porous inserts, water accu-
mulated at cathode was removed. More recently, Karthikeyan et al.
[21] experimentally studied two types of porous inserts namely
2

porous carbon inserts and porous sponge inserts, and obtained a
better performance due to water removal. They also found that
porous sponge inserts had increased performance compared to
porous carbon inserts, and that increasing the size of the porous
inserts improved the PEMFC performance. Marappan et al. [22] also
experimentally studied diverse porous sponge inserts for various
reaction areas of 25, 50 and 100 cm2. They concluded that the
adoption of 4 mm porous sponge inserts with the porosity of 90%
on the cathode side of PEMFC using the modified serpentine with
staggered provisions of 4 mm porous sponge inserts yields better
performance than the standard serpentine design and had a sig-
nificant effect on reducing the water flooding. In particular, for the
modified serpentine with staggered provisions of porous sponge
inserts flow field design (MSSFF), they reported an experimental
peak power density of 0.298 W/cm2 reached at a current density of
0.8 A/cm2 for the reaction area case of 50 cm2. Other related works
include the use of foams as flow distributors to achieve a more
evenly distribution of both hydrogen and oxygen from inlet to
outlet through the fuel cell [23e25]. In particular, a functionally
graded porousmaterial model was developed by Kermani et al. [25]
for foam-based flow distributors, reported a 84% and 130% higher
performances in comparison to a conventional parallel-serpentine
design.

Many other bioinspired flow channel designs different than
leaves, lungs or sponges have been also reported in the field of
PEMFCs designs, such as honeycomb structures [26,27], fishbone
structures [28] or blood vessels structures [29] to cite some of them.

From the above literature review, it is clear that the use of nature
as a source of inspiration for new innovative designs of bipolar
plates can potentially produce a better performance of the fuel cell
in comparison with the standard parallel or serpentine designs
[7,13,15,25]. A critical review of the performance improvement
obtained with biomimetic designs shows that in the majority of
cases the biomimetic designs present higher cell voltages and more
efficient water management with respect to the conventional de-
signs. In particular, leaf and lung-based designs have shown the
most promising improvements in terms of performance [2]. How-
ever, due to the complexity of the physical and electrochemical
phenomena occurring within fuel cells, the large number of
possible bioinspired designs with different geometrical character-
istics and the lack of standardization regarding performance
benchmarking, biomimetic designs have not yet achieved their full
potential and further research is needed.

In the present work new flow channel designs bioinspired by
leaves, lungs and sponges with different characteristics were
investigated. Firstly, the layouts of three different biomimetic flow
fields of own creation were presented. These initial proposed de-
signs were evaluated at an early stage using Computational Fluid
Dynamics (CFD) models and simulations, in order to understand
and improve the flow characteristics of the reactants in BPs, pres-
sure and velocity fields. Later, the most promising design was



Fig. 3. Reference parallel-serpentine cathode design from ElectroChem Inc.
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selected for manufacturing and was experimentally tested. Results
in terms of the current density and power curves were compared
against a standard state-of-the-art parallel-serpentine design, as it
is among the most well-documented flow field designs, both
computationally and experimentally, and are often used as
benchmark designs [6,30e32].

2. Materials and methods

A description of materials and research procedure is described
in this section. Starting from three initial conceptual designs,
namely A, B and C, four novel final biomimetic designs based on
leaves, lungs and sponges were developed for the cathode chan-
nel's configuration of a 50 cm2 active area PEMFC with a channel to
rib ratio of 1.

In a first step, for each initial conceptual design, a simplified 3D
CFD model of the cathode side was previously conducted. Velocity
and pressure distributions of these initial designs were evaluated at
an early stage using the corresponding CFD models and simula-
tions. After examining CFD simulation results, geometrical modi-
fications were iteratively made in each initial design to improve
flow fields characteristics, obtaining the final designs. In a second
step, pressure and velocity flow fields of the final designs were
compared, and the most promising design was selected and man-
ufactured. Finally, in a third step, performance experiments of the
selected design were carried out in a fuel cell test station and re-
sults were compared with the reference case of a conventional
parallel-serpentine design for different operating conditions. The
steps followed and the research methodology are depicted in Fig. 2.
Each research step is detailed in the following sections.

2.1. Step 1: reference parallel-serpentine design and proposed novel
biomimetic designs

In a first step, a state-of-the-art parallel-serpentine design and
three initial novel biomimetic conceptual designs bioinspired by
leaves and lungs were analysed and improved in terms of flow
fields characteristics using CFD.

2.1.1. Reference serpentine design description
The reference parallel-serpentine design of 50 cm2 active area

used in this work corresponds to the parallel-serpentine flow field
from ElectroChem Inc. With graphite bipolar plates. This was used
as a reference to compare the novel biomimetic designs perfor-
mance. The flow field consists of five-channel serpentine connected
bymanifolds at the end of each pass (Fig. 3). Air flows from the inlet
Fig. 2. Global researc
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located at one corner of the BP and is conducted through the
serpentine channels to the outlet located at the opposite corner.
2.1.2. Initial biomimetic designs description
The reference parallel-serpentine design and the three novel

initial biomimetic design concepts are depicted in Fig. 4, including
zoom areas for a better visualization of the geometry details.
Regarding the three initial design concepts restrictions and prin-
ciples, it was kept constant the BP square shape, the inlet and outlet
locations in opposite corners and the channel to rib ratio of
approximately 1. Symmetry was chosen preferably when appro-
priate and straight channels with secondary/tertiary branches of
smaller section were designed following as a reference Murray's
law [33], regarding the third power relation between parent and
daughters' diameters. However, too small sections were avoided in
the designs to ensure the feasibility of the prototype manufacture.
Design A channel's structure, with symmetry with respect to the BP
diagonal, consists of a main branch going along the BP diagonal
with ramified secondary branches in perpendicular direction,
h methodology.



Fig. 4. Reference parallel-serpentine design and initial biomimetic design concepts.

Fig. 5. (a) Parallel-serpentine CFD model geometry and BCs and (b) mesh details.
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which at the same time are connected throughout tertiary
perpendicular branches. In design B, channel layouts consist of a
double serpentine flow channel. Its flow path is continuous from
inlet to outlet and there is geometrical symmetry with respect to
the main BP diagonal. Initial design C consists of an inlet collector
and an outlet collector connected in parallel with 6 groups of
straight channels in sets of 7 channels each (the total number of
vertical channels is 42). Six derivations from the inlet collector and
the outlet collector were considered (one for each group).

2.1.3. CFD model description and improved final designs
A simplified 3D CFD model of the cathode fluid flow, including

the channels geometry and the gas diffusion layer (GDL), was
performed for the parallel-serpentine reference case and the three
novel bioinspired designs. The objective of the simplified 3D CFD
model was to evaluate at an early stage the fluid flow (velocity and
pressure distributions) of the proposed initial designs and some of
their different geometry variants with lower computational cost in
comparison to consider the whole fuel cell including the electro-
chemical model.

A sketch of the CFD model geometry and boundary conditions
(BCs) is included in Fig. 5(a) for the parallel-serpentine reference
case. Channels width and depth dimensions were set to 0.8mm and
1.1 mm respectively. GDL depth was set to 0.42 mm and modelled
as a porous media with a permeability of 4$10�12 m2. The channel
to rib ratio was set to a value of approximately 1.

Representative BCs for operating conditions of a current density
of 1 A/cm2 and a cathode stoichiometry of 2.5 were adopted in the
model through a mass flow rate supply of air of 5.03$10�5 kg/s at
the inlet and a uniform consumption of air of 4.15$10�6 kg/s in the
GDL external surface (corresponding to the GDL-cathode electrode
interface). For the outlet, a zero average static pressure outlet BC
was applied.

The mesh, considering both channels and GDL layers, was
generated using ANSYS ICEM software. A hexahedral mesh was
created, and a mesh independence analysis was performed on it,
4

selecting a mesh with 1.35 million nodes and 0.37 million elements
with a mesh quality in the range 0.95e1.0 for the 100% of elements.
An illustration including different zoom areas of the mesh details is
presented in Fig. 5(b). These same BC's and similar mesh charac-
teristics were kept fixed for the rest of the CFD models of the novel
bioinspired designs.

CFD simulations of the reference design and the initial design
concepts were performed with ANSYS CFX software and conser-
vation equations for mass and momentum were solved using a
high-resolution advection scheme. Laminar flow and steady-state
were assumed in the simulations and results were analysed in
terms of velocity flow fields and pressure. CFD results provide
useful information regarding the mass flow distribution within the
different channels and the values of higher and lower velocities,
pressure distribution and total pressure drop. An illustrative
example of CFD results for the reference parallel-serpentine design
is shown in Fig. 6, including velocity and pressure distributions
within the channels.



Fig. 6. CFD results of parallel-serpentine design (a) Velocity distribution, (b) Pressure distribution.
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Starting from the novel initial biomimetic designs (A, B and C),
modifications were iteratively made in the channels’ geometry af-
ter examining CFD simulations results, improving uniformity in the
velocities, avoiding recirculation zones of very low velocities, and
also analysing pressure drop. In this way, in each design iteration,
the geometry is modified obtaining a more uniform reactant
distribution.

The obtained final biomimetics designs concepts namely A0 , B0,
C10 and C20, are shown in Fig. 7, with indications of the geometrical
Fig. 7. Final biomimetic
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modifications with respect to the initial design concepts. Final
design A0 was a variant of initial design A with three geometrical
modifications: (i) the last part of the main branch going along the
BP diagonal is eliminated to prevent preferent flow paths, (ii) four
secondary branches ramified in perpendicular direction of themain
branch which had low mass flow rates were also eliminated to
obtain a better fluid flow distribution and (iii) a decreasingly vari-
able thickness was set to the main branch to improve fluid flow
distribution. Final design B0 had the same geometry as initial design
designs concepts.
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B, as the double serpentine geometry in the channels guarantees a
uniform flow mass distribution. Two final designs, namely C10 and
C20 were obtained starting from initial design concept C. In design
C10 two modifications were included to improve fluid flow distri-
bution: (i) two additional derivations from the inlet collector for
each of the six groups were added and (ii) a decreasingly variable
thickness was set to the inlet collector. In design C2’ an additional
modification was included (iii) substituting the central part of the
vertical channels of each of the six groups for porous sponge
inserts.
2.2. Step 2: selection and manufacture of the best alternative

A comparison of the reference design and the final biomimetic
designs in terms of flow velocity and pressure drop CFD simulation
results is presented and discussed in the results section. The most
promising design C2’ was selected and the BP with the proposed
channels layout was manufactured with graphite as material base
as shown in Fig. 8 (left). Graphene porous sponge inserts (density of
320 mg/cm3 and pore size of 580 mm) from Graphene Supermarket
(Ronkonkoma, NY, USA) were located at each of the central part of
the six groups that connect the inlet and the outlet collectors. A
computed tomography of the graphene foam is shown in Fig. 8
(right).
Fig. 8. Manufactured design C2’ (left) and detail of c

Fig. 9. Fuel cell test station
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2.3. Step 3: experimental performance comparison with parallel-
serpentine design

2.3.1. Fuel cell test station description
The experimental work was conducted with a PEM fuel cell test

station, devoted to the experimental testing of PEM single cells and
short stacks up to 500 W. The test environment, as shown in Fig. 9
(left), is the typical of a fuel cell test bench, with a reactant gas
handling unit including humidifiers and back-f regulators, a PID-
controlled cell heating/cooling system based on film heaters and
air fans, and an electronic load. A sketch of the P&ID is included in
Fig. 9 (right).
2.3.2. Experimental procedure and tested operating conditions
The IeV polarization curves and its corresponding power curves

were obtained for the cell by following the experimental method-
ology defined in the well stablished FCTESTNET [34] and FCTESTQA
[35] procedures for single cells. Each test started with a pre-
conditioning of the fuel cell, in which the corresponding operating
conditions were stablished to their specific values. During the
stabilization of the conditions, the current density was increased by
steps of 100 mA/cm2 for the given fixed values of temperature and
gas conditions, while keeping the cell voltage higher than 500 mV
until reaching the initial reference IV point identified for the con-
ditioning (500 mA/cm2). Then, the cell was maintained at 500 mA/
omputed tomography of graphene foam (right).

(left) and P&ID (right).
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cm2 during 20 min and the corresponding cell voltage was
measured and used as an initial reference IV point. After that, the
cell voltage was brought to OCV for a fixed period allowing the
stabilization of the operating conditions. Finally, the measurement
of the current-voltage curves is carried out in galvanostatic mode,
starting at the open circuit voltage, and using fixed current steps.
The dwell time for each current density set point is set to 20 min
(15 min for conditions stabilization and 5 min for data acquisition).

A comprehensive set of operating conditions was used to
analyze the effect of the different conditions of the cell perfor-
mance. In each operating condition, as shown in Table 1, the
following variables are fixed: cell pressure, cell temperature, anode
and cathode relative humidity and anode and cathode stoichio-
metric factor. Initially, a benchmark case using air as oxidant of
operating conditions in the cell of 0.5 bar, 65 �C and 60% for cell
pressure, cell temperature and relative humidity in anode and
cathode respectively was defined. Stoichiometric factors at anode
and cathode were fixed to 1.3 and 2.5 respectively. The rest of
operating conditions were defined by modifying one of the pa-
rameters of the benchmark case. A total of six operating conditions
were tested, where it can be observed that two pressure conditions
were analysed (0.5 and 1.0 bar), three temperature conditions (55,
65 and 75 �C), two RH conditions (60 and 90%) and two values of
Table 1
Operating conditions defined in the experimental tests.

Case Pressure (bar) Tem

P05_T65_a13RH60_c25RH60_air 0.5 65
P10_T65_a13RH60_c25RH60_air 1.0 65
P05_T55_a13RH60_c25RH60_air 0.5 55
P05_T75_a13RH60_c25RH60_air 0.5 75
P05_T65_a13RH90_c25RH90_air 0.5 65
P05_T65_a13RH60_c35RH60_air 0.5 65

Fig. 10. Velocity flow field of final biom
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the cathode stoichiometric factor (2.5 and 3.5). The different
operating conditions were named referencing sequentially the cell
pressure, the cell temperature, the anode stoichiometric factor, the
anode relative humidity, the cathode stoichiometric factor, the
cathode relative humidity and the oxidant (air). As an illustrative
example of the nomenclature used in this work, the benchmark
case was named as “P05_T65_a13RH60_c25RH60_air”. In Table 1
the tested operating conditions are shown and named according
to the nomenclature described above, marking in bold the condi-
tion varied in each case with respect to the benchmark conditions.

3. Results

In this section, CFD simulation results of the final biomimetic
design candidates A0 , B0, C10 and C2’ were firstly included, and an
analysis of velocity and pressure flow fields was performed to select
the most promising alternative. Finally, the selected design was
manufactured and experimentally tested for a comprehensive set
of operating conditions.

3.1. Final biomimetic designs CFD simulation results

Velocity contours and vectors of the final biomimetic design
perature (�C) RH (%) la lc

60 1.3 2.5
60 1.3 2.5
60 1.3 2.5
60 1.3 2.5
90 1.3 2.5
60 1.3 3.5

imetic designs A0 , B0 , C10 and C20 .



Table 2
Velocity quantitative results of final biomimetic designs A0 , B0 , C10 and C2’.

Velocity Design A0 Design B0 Design C10 Design C20

vavg (m/s) 2.29 12.50 2.40 1.71
vsd (m/s) 5.28 12.27 4.51 2.87

Table 3
Pressure quantitative results of final biomimetic designs A0 , B0 , C10 and C2’.

Pressure Design A0 Design B0 Design C10 Design C20

Pressure drop (Pa) 2333.3 17851.2 1074.8 1042.8
Pavg (Pa) 575.3 9959.4 546.3 537.8
Psd (Pa) 56.6 4162.8 117.5 127.7
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candidates A0 , B0, C10 and C20are shown in Fig. 10 and quantitative
results of average velocity and standard deviation velocity are
shown in Table 2.

The double serpentine design B0 showed the highest average
and standard deviation velocities, with values in the order of
5.2e7.3 times higher in comparison to the other designs A0 , C10 and
C2’. Design A0 and C10 had similar average velocities in the range of
2.29 and 2.40 m/s while standard deviation velocity of design C10

was lower than design A’. Design C2’ showed the most homoge-
neous velocity flow field, with lower values of the average velocity
(1.71 m/s) and standard deviation velocity (2.87 m/s).

Pressure contours of the final biomimetic design candidates A0 ,
B0, C10 and C20are shown in Fig. 11 and quantitative results of
pressure drop, average pressure and standard deviation pressure
are shown in Table 3.

The double serpentine design B0 had the highest pressure drop,
with values in the order of 7.6e17.1 times higher in comparison to
the other designs A0 , C10 and C2’. Design A0 was the second with
higher pressure drop, 2.2 times higher than designs C10 and C20,
which showed similar values, being C2’ the design with the lower
pressure drop of 1042.8 Pa.

From the above-described results, design C2’ was selected for
manufacture as it showed better behaviour in terms of velocities
homogeneity and lower values of pressure drop.
Fig. 11. Pressure contours of final biom
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3.2. Experimental results and discussion

The selected bioinspired design C2’ was manufactured and
tested. Experimental diagnostics can help to understand the highly
coupled and complex phenomena occurring within a fuel cell,
where the polarization curve is the most common measurement of
the performance of a fuel cell [36]. The polarization curves and the
IeP power curves were obtained for all operating conditions
described in Table 1 and results are discussed in this section.
Parallel-serpentine design experimental curves obtained from a
previous work [30] were also included to serve as a reference for
each operating conditions. Operating conditions were grouped in
three different sets for the sake of clarity and to account for the
effects of anode and cathode relative humidity, cell temperature,
and other parameters that include the cell pressure and the cathode
stoichiometric factor. Also, the experimental results reported by
Marappan et al. [22] for the modified serpentine with staggered
provisions of porous sponge inserts flow field (MSSFF) design for
the case of the same active area of 50 cm2 were considered as a
reference, even though the operating conditions used in those ex-
periments were different.

The effect of anode and cathode relative humidity is depicted in
Fig. 12. The increase in the reactant relative humidity is having a
positive effect on the cell performance for the proposed biomimetic
imetic designs A0 , B0 , C10 and C20 .



Fig. 12. IV and IP curves for parallel-serpentine and Biomimetic design. Effect of anode
and cathode relative humidity.
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design, in concordance with the results of the parallel-serpentine
design reported by Iranzo et al. [30]. For the parallel-serpentine
design, the cell voltage is increasing 25 mV from the reference
conditions RH 60% (0.464 V) to RH 90% (0.489 V) at 1.0 A/cm2,
consistently with the increasing cell voltage of the proposed bio-
mimetic design of 130 mV from RH 60% (0.381 V) to RH 90%
(0.511 V) at the same current density. The best curve in terms of
performance is the one corresponding to the proposed biomimetic
design at higher RH values of 90%, reaching out a peak power of
27.2 W, a 6.2% higher in comparison to the 25.6 W of the parallel-
serpentine reference and a 82.6% higher in comparison to the
14.9W reported byMarappan et al. [22] for themodified serpentine
with staggered provisions of porous sponge inserts flow field
design (MSSFF). This result indicates that the novel biomimetic
design is particularly suited for improved water management at
high reactants humidity.

The effect of cell temperature is depicted in Fig. 13. The decrease
in the cell temperature produces a positive effect on the cell per-
formance for the biomimetic design, in agreement with the results
of the parallel-serpentine design reported by Iranzo et al. [30]. For
the serpentine design, the cell voltage is increasing 12 mV from the
reference cell temperature of 65 �C (0.463 V) to the lower tem-
perature of 55 �C (0.475 V) at 1.0 A/cm2, consistently with the
increasing cell voltage of the proposed biomimetic design of 87 mV
from 65 �C (0.381 V) to 55 �C (0.468 V) at the same current density.
The peak power of the proposed biomimetic design at a cell
Fig. 13. IV and IP curves for Parallel-serpentine and Biomimetic design. Effect of cell
temperature.
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temperature of 55 �C was 24.2 W, only a 4.1% lower in comparison
to the 25.2 W of the parallel-serpentine reference but a 62.46%
higher in comparison to the MSSFF design reported by Marappan
et al. [22].

However, for the particular case of the lower temperature of
55 �C, at current densities below 0.5 A/cm2 the proposed design
showed a slightly better performance in comparison with the
parallel-serpentine reference. At high cell temperatures (75 �C) the
cell performance of both designs is significantly lower indicating a
dry-out of the membrane, especially in the biomimetic design, in
which, even at low current densities the cell water production was
very lowand unable to sufficiently hydrate themembrane, and thus
only amaximumvalue of 0.6 A/cm2 of intensity was reached during
the experiments.

The effect of increasing the cell backpressure and increasing the
cathode stoichiometric factor is illustrated in Fig. 14. The increase in
the cell backpressure produces a positive effect on the cell perfor-
mance of the biomimetic design, in concordance with the conse-
quent reduction on activation andmass transport losses [31,32] and
the results reported for the parallel-serpentine design by Ref. [30].
For the parallel-serpentine design, the cell voltage is increasing
59 mV from a cell backpressure of 0.5 bar (0.463 V) to 1.0 bar
(0.522 V) at 1.0 A/cm2, consistently with the increasing cell voltage
of the proposed biomimetic design of 119mV from 0.5 bar (0.381 V)
to 1.0 bar (0.500 V) at the same current density. The peak power of
the proposed biomimetic design at a cell backpressure of 1.0 bar
was 27.5 W, a 6.2% lower in comparison to the 29.4 W of the
parallel-serpentine reference but a 84.6% higher in comparison to
the MSSFF design reported by Marappan et al. [22]. However, at
current densities below 0.5 A/cm2 the proposed design at a cell
backpressure of 1.0 bar showed a similar performance in compar-
ison with the parallel-serpentine reference with negligible
differences.

With respect to the increase in the cathode stoichiometric fac-
tor, even though for low current densities performance curves were
very similar, for values higher than 0.8 A/cm2, a better performance
of the cell performance for the biomimetic design was observed,
consistently with the results reported for the parallel-serpentine
design reported by Ref. [30]. For the parallel-serpentine design,
the cell voltage is increasing 18 mV from a cathode stoichiometric
factor of 2.5 (0.463 V) to 3.5 (0.481 V) at 1.0 A/cm2, consistently
with the increasing cell voltage of the proposed biomimetic design
of 20 mV from 2.5 (0.381 V) to 3.5 (0.401 V) at the same current
density. The peak power of the proposed biomimetic design at a
cathode stoichiometric factor of 3.5 was 20.4 W, a 21.2% lower in
Fig. 14. IV and IP curves for Parallel-serpentine and Biomimetic design. Effect of cell
backpressure and cathode stoichiometric factor.
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comparison to the 25.9Wof the parallel-serpentine reference but a
36.9% higher in comparison to the MSSFF design reported by
Marappan et al. [22].

Despite the promising enhance in the cell performance of the
biomimetic design in comparison to the standard parallel-
serpentine for the operating conditions of higher relative humidi-
ty, and the peak power improvement in comparison to other bio-
mimetic designs including porous sponge inserts [22], further
research is required to improve the performance of the proposed
design for the rest of operating conditions. Future studies could
fruitfully explore this issue further by analysing water distribution
within the channels through CFD simulations and neutron imaging
techniques. Also, future research should examine novel design
variants including geometrical modifications of the channels and
the characteristics of the porous sponge inserts.

4. Conclusions

A novel bioinspired channel geometry of a BP has been designed
with the aid of CFD modelling, manufactured and experimentally
evaluated and compared with a standard parallel-serpentine
design. Starting from four initial biomimetic conceptual designs,
CFD simulations were conducted and the results in terms of the
velocity and pressure distributions within the cathode side chan-
nels were analysed using a simplified 3D CFD model. Design C20,
which included graphene porous sponge inserts, showed the most
homogeneous velocity flow field, with lower values of the average
velocity (1.71 m/s) and standard deviation velocity (2.87 m/s) and
the lower pressure drop 1042.8 Pa. This design was thus selected
and manufactured. The performance evaluation of the selected
biomimetic design was experimentally conducted in a fuel cell test
station for a comprehensive set of operation conditions including
variations in cell temperature and cell backpressure, reactants RH
and cathode stoichiometry. Polarization curves IV and power
curves IP weremeasured and comparedwith the reference case of a
conventional parallel-serpentine design. Similar trends with the
parameters’ variations were observed for both designs, obtaining
higher performances for higher values of anode and cathode rela-
tive humidity, cell backpressure and the cathode stoichiometric
factors, and for lower values of cell temperature. Even though lower
performance was observed for the biomimetic design in compari-
son to the parallel-serpentine for lower cell temperatures (4.1%
lower), higher cell backpressure (6.2% lower) and higher cathode
stoichiometric factor of 3.5 (21.2% lower), the novel biomimetic
design showed a better performance when operating at higher RH
values of 90%, reaching out a peak power a 6.0% higher, indicating
that the proposed novel biomimetic design is particularly suited for
improved water management at high reactants humidity.
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