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Abstract 13 

Fractal cathode flow-fields, inspired by the flow mechanism of air inside lungs, can 14 

provide homogeneous, scalable and uniform distribution of reactants to polymer 15 

electrolyte fuel cell (PEFC) electrodes. However, the complex 3D flow-fields 16 

demonstrated previously face manufacturing challenges, such as requiring selective 17 

laser sintering, an additive manufacturing method that is expensive to scale up. Here, 18 

a lung-inspired cathode flow-field is introduced and fabricated using low-cost, 19 

lightweight printed circuit boards (PCB). The uniformity and alignment between 20 

individual PCB layers producing the fractal hierarchy of flow channels have been 21 

characterised using X-ray computed tomography (X-ray CT). The performance of the 22 

fractal flow-field exceeds that of conventional single-serpentine flow-fields and is 23 

particularly beneficial when operating on air with a low relative humidity. The lung-24 
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inspired design is shown to lead to a more stable operation than the single-serpentine 25 

design, as a result of uniform distribution of reactants.  26 
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1. Introduction 50 

Polymer electrolyte fuel cells (PEFCs) operating on hydrogen are considered to be an 51 

ideal replacement for a wide range of power sources for many stationary, portable, 52 

built environment and transport applications, due to their low temperature operation, 53 

zero emissions at point of use, high efficiency, high power density, and rapid start-up 54 

[1–3].  55 

Flow-field plates are important components for PEFCs; they provide the necessary 56 

mechanical compression to hold individual components together and they introduce 57 

oxidant (air) and fuel (hydrogen) to the respective electrodes [4,5]. A wide range of 58 

flow-fields have been developed, incorporating serpentine, parallel, interdigitated, pin, 59 

mesh, cascade, perforated and biomimetic designs [6–14]. A major operational issue 60 

that could be impacted by the structure of the flow-field is accumulation of water in the 61 

channels and under the land areas, especially at the cathode [6,15–17]. Water 62 

accumulation or flooding in the flow channels is commonly observed due to inefficient 63 

removal of liquid water by reactant gases. Flooding leads to non-uniform reactant 64 

distribution on the electrode surface, resulting in a heterogeneous current density 65 

distribution that can hinder performance and accelerate degradation [7,18,19].  66 

Serpentine flow channels are widely acknowledged as having operational advantages 67 

in terms of uniform reactant distribution, water and heat management and effective 68 

utilisation of electrocatalysts [6,20–24] . However, their design needs to be improved 69 

to overcome issues such as: a decrease in fuel cell performance at low current density 70 

under low temperature and low relative humidity conditions [25]; a significant decrease 71 

in reactant concentration from inlet to outlet of the fuel cell [26]; uneven reactant 72 

consumption and current density distribution [27]; cathode water accumulation during 73 
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higher humidity operation [15,28]; and high pressure drop at large scale (> 10 cm2 74 

area of the flow-field) [29].  75 

Nature has evolved scalable, hierarchical architectures for fluid distribution that are 76 

highly effective and thermodynamically optimised, such respiratory organs, the 77 

vascular network and plants [30–33]. Some of these desirable flow mechanisms and 78 

fundamental principles observed in nature have been implemented in developing fuel 79 

cell flow-field structures. Through numerical modelling and simulation, Asadzade et al. 80 

[34] identified lung-shaped microfluidic flow patterns in bipolar plates as a means of 81 

maximising power density. Kloess et al. [8] established, via simulations and 82 

experimental studies, that serpentine and interdigitated flow-fields, when integrated 83 

with lung and leaf flow patterns, delivered enhanced performance. Guo et al. [10] 84 

mimicked the hierarchical structures of leaf veins, with three hierarchical generations, 85 

by incorporating them into serpentine and interdigitated flow-fields, leading to 86 

improved performance over conventional flow-fields. Arvay et al. [9] reviewed CFD 87 

simulations applied to nature-inspired flow-fields and concluded that the efficacy of 88 

these designs increases when used in conjunction with standard interdigitated 89 

designs. Collectively, these studies show that decreased pressure drop, uniform flow 90 

distribution, higher oxygen delivery and homogeneous reactant distribution can all be 91 

achieved by using nature-inspired designs.  92 

Coppens [35,36] developed a systematic and thematic nature-inspired chemical 93 

engineering (NICE) methodology that leverages fundamental mechanisms 94 

underpinning desirable properties in natural systems, such as scalability, efficiency 95 

and robustness, in designs that address similar challenges in engineering, for a range 96 

of applications. NICE designs adopt the natural mechanisms, but adapt them to the 97 

different context of the technological application, recognising that nature and 98 
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technology operate under different constraints [36]. Applied to fuel cell design, 99 

Kjelstrup, Coppens et al. [37] proposed a lung-inspired, conceptual design for the 100 

fractal gas distribution system and the catalytic layers of fuel cells that results in 101 

minimum entropy generation and enhanced performance. Work by Marquis [38] and 102 

Trogadas, Cho et al. [29] applied the NICE approach to the analysis of lung-inspired, 103 

fractal flow-fields. Initial modelling and simulation studies were performed to optimise 104 

the distributor structure and identify the optimal number of fractal branching 105 

generations to achieve uniform reactant distribution. Further, laser sintering of 106 

stainless steel was used to construct the 3D flow-field structure, and it was found that, 107 

up to four generations, the fractal flow-field exhibited significant performance 108 

enhancement over conventional flow-field designs. However, this study [29] identified 109 

difficulties in water management at higher humidity that resulted in performance 110 

degradation for higher numbers of generations. Furthermore, the weight 111 

(approximately 0.5 kg per flow-field), complexity, time and cost (₤600-₤800 per flow-112 

field) involved in the flow-field fabrication (laser sintering of stainless steel) can hinder 113 

the use of fractal structures in commercial fuel cells and stacks. In summary, while the 114 

benefits of a NICE approach to flow-field design are clear, a common concern is the 115 

cost and manufacturability of these complex 3D structures at scale. 116 

Incorporating the membrane electrode assembly (MEA) within the layers of printed 117 

circuit boards (PCBs) has proven to be a promising means of PEFC fabrication due to 118 

the ease of manufacturability, durability and adaptability, as well as the light weight 119 

and cost effectiveness [39–44]. However, to date the PCB flow-fields have conformed 120 

to conventional ‘2D’ flow configurations. In this study, we combine the cost effective 121 

PCB approach with a hierarchical lung-inspired flow-field design for the first time. A 122 

3D fractal flow-field is constructed using a 2D planar multi-layered PCB approach. The 123 
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performance of the lung-inspired flow-field is measured in an operating PEFC over a 124 

range of relative humidities and compared with that of a conventional, single-125 

serpentine flow-field. 126 

2. Experimental  127 

2.1 Lung-inspired flow-field design 128 

Hierarchically structured 3D lung-inspired flow-field plates were constructed using a 129 

2D planar layer-wise approach, as shown in Fig. 1 (a); “a” is a PCB plate coated with 130 

38 µm of copper, which adjoins the membrane electrode assembly (MEA).  131 

 132 

 133 

Fig. 1: (a) PCB plates a-h comprising 2D planar individual layers of hierarchical fractal flow-field 
geometry. (b) RHINO model depicting the assembly of individual PCB layers, resulting in a fractal flow-
field geometry. Shown are the single air inlet, multiple air outlets to MEA level, and the surface flow 
paths for the cathode air and water outlets from the fuel cell. 
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Each of the plates “a-h” corresponds to a specific generation within the fractal 134 

geometry. Fig. 1 (b) shows the four generations of fractal flow, with airflow from a single 135 

inlet to 256 outlets (end of the 4th generation) at the interface with the MEA. The total 136 

MEA active area covered by these outlets is 6.25 cm2.  137 

Each of the 4th generation outlets has a dimension of 400 µm × 800 µm with 1.18 mm 138 

spacing between adjacent outlets. Surface flow paths (0.5 mm wide and 1 mm deep) 139 

between these outlets are used for the removal of cathode air and excess water within 140 

the fuel cell (a previous study adopted a dead-ended removal mechanism [29]).  141 

2.2 Flow-field fabrication  142 

A Roland-40 CNC machine (ROLAND, USA) was used to cut the channel features for 143 

each layer. The fabricated individual plates are shown in supplementary data Fig. S1 144 

(a). Plate “a” was electroplated with Ni, followed by Au, and acted as the cathode 145 

current collector. The Ni plating solution was 0.13 M Ni(SO3NH2)2 and the Au plating 146 

solution was 0.02 M KAu(CN)2. Plate “a” (1.6 mm in thickness) was electroplated with 147 

Ni at a constant current density of 4.3 mA cm-2 (corresponding to an applied voltage 148 

of 3.0 V - 3.5 V) for 3 min, followed by electroplating with Au at a constant current 149 

density of 2.4 mA cm-2  (corresponding to an applied voltage of 3.0 V - 3.7 V) for 60 150 

min. Plates “b-h” were uncoated plain PCB plates. 151 

Plates “a-h” were then assembled in a hot press at 140 °C under 400 psig compression 152 

for 1 hour. Layers of prepreg thermosetting polymer sheets acted as an adhesive 153 

between the PCB plates. The final assembled cathode fractal flow-field plate, having 154 

an overall thickness of 9.6 mm, with dimensions as shown in Fig. S1 (supplementary 155 

data).  156 
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The anode flow-field plate contained a single serpentine flow channel, with a width, 157 

spacing and depth of 1 mm each and it also functioned as the anode current collector. 158 

It was fabricated from a PCB plate of thickness similar to plate “a”. Ni and Au layers 159 

were electrodeposited on the anode flow-field plate as described above for plate “a”. 160 

The final assembled anode flow-field plate, similar in dimensions to the fractal flow-161 

field plate but having an overall thickness of 3.5 mm, is shown in supplementary data 162 

Fig. S1 (b). This anode flow-field was used for PEFC testing with both the cathode 163 

fractal flow-field and the cathode single-serpentine flow-field. 164 

The cathode single-serpentine flow-field, which also acted as the cathode current 165 

collector, was similar in design, material, dimensions and fabrication method to the 166 

anode flow-field plate (process as above, including Ni and Au coating). However, the 167 

flow outlet from the cathode flow-field was from the surface via vertical channels of 0.5 168 

mm width and 1 mm depth and with a spacing of 1.18 mm between adjacent channels, 169 

as shown in supplementary data Fig. S2.  170 

2.3 MEA preparation  171 

The MEA (active area 6.25 cm2) was prepared by hot pressing of a Nafion 212® 172 

(DuPont, USA) membrane and HyPlat Pt catalyst (HyPlat, South Africa) coated gas 173 

diffusion electrodes at 150 °C for 3 min under an applied pressure of 400 psig. Both 174 

electrodes had a catalyst loading of 0.4 mg Pt cm-2. The Gas Diffusion Layer (GDL) 175 

used was Freudenberg H23C9, which is a carbon fibre paper with a total thickness of 176 

210 μm, including a PTFE treated microporous layer (MPL). The overall thickness of 177 

the MEA after hot pressing was ~500 µm.  178 

 179 
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2.4 Fuel cell assembly 180 

The overall fuel cell assembly and the individual components involved in testing the 181 

fuel cells are shown in Fig. 2. The MEA was assembled between a pair of Tygaflor 182 

gaskets having a thickness of 250 µm each. The cell was heated at start up to 45 °C 183 

using cylindrical 75 W heating cartridges of 6.5 mm × 60 mm in dimensions (RS 184 

Components, UK). 185 

 186 

 187 

A self-adhesive K-type thermocouple (OMEGA, UK) was attached to the anode flow-188 

field to measure the cell surface temperature (due to the difference in plate thickness 189 

between the cathode single-serpentine and cathode lung-inspired flow-fields, the 190 

anode region is preferred). An insulating gasket was provided between the heating 191 

plate and flow-field plate to avoid electrical short-circuiting within the cell. Aluminium 192 

end-plates were used to provide overall compression to the assembly, with a torque 193 

of 1.2 Nm provided to the bolts running through them. Air inlet, hydrogen inlet and 194 

hydrogen outlet were provided from the manifolds on the anode end-plate, while air 195 

Fig. 2: PEFC components and assembly diagram. 
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outlet was provided from the surface of the cathode flow-field, as shown in Fig. 2. The 196 

fuel cells were operated under ambient cooling, and no additional cooling channels or 197 

devices were present.  198 

2.5 X-Ray Computed Tomography (X-ray CT)  199 

An X-ray CT scan was performed on the lung-inspired flow-field plate using a Nikon 200 

225 XT (Nikon Metrology, UK). The experimental setup for the scan is shown in Fig. 3 201 

(a).  202 

 203 

 204 

The scan was performed using a beam voltage of 170 kV, a beam current of 240 µA 205 

and a scan rate of 1 frame per second. The region of interest (ROI) was chosen to be 206 

the lung-inspired flow-field (Fig. 3 (b)), with a sample distance from the detector 207 

selected to ensure the entire flow-field remained within the field-of-view (FOV) through 208 

the 360° of scanning (Fig. 3 (a)). The total acquisition time was 53 min with collection 209 

of 3176 radiographs. A filtered back projection (FBP) reconstruction algorithm (using 210 

Fig. 3: (a) Experimental setup for X-ray CT scanning, (b) radiograph of the region of interest (ROI) 
of the scanned lung-inspired flow-field. 
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Nikon CT Pro 3D software – a built in software with Nikon 225 XT) was applied to the 211 

images to result in a three-dimensional dataset with a voxel size of 17 μm. Image 212 

analysis was done using Avizo (Thermo-Fischer Scientific, USA), by importing the 213 

dataset into the software and analysing individual orthoslices in the three planes (xz, 214 

yz and xy). 215 

2.6 Fuel cell testing 216 

The fuel cell testing was carried out using a Scribner 850e fuel cell test station 217 

(Scribner Associates NC, USA). The test station had the capability to supply reactants 218 

at desired conditions, using temperature, humidity and mass flow controllers. The test 219 

station provided hydrogen at 99.995% purity under ambient temperature conditions. 220 

Hydrogen flow was maintained at 100 mL min-1 throughout, while the cathode airflow 221 

stoichiometry was 3.0 [45]. The fuel cell was tested at three different cathode and 222 

anode relative humidity (RH) levels: 40%, 70% and 100%.  223 

Electrochemical impedance spectroscopy (EIS) measurements were carried out using 224 

a Gamry Reference 3000 and Gamry Reference 30k Booster (Gamry Instruments, 225 

USA). The frequency range for analysis was 0.1 Hz to 100 kHz, with 10 points per 226 

decade, and an AC modulation amplitude of 5% of the DC input signal.  227 

3. Results and Discussion 228 

3.1 X-ray CT scan analysis 229 

An X-ray CT scan of the lung-inspired flow-field, as shown in Fig. 4, visualises the 230 

internal channel arrangement of the flow-field and the alignment of individual layers, 231 

as well as the quality of the cell assembly. Fig.4 (a) shows a volume rendering of the 232 

region scanned. This is a 3D representation of the entire sample; a video tracking slice 233 
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by slice through the 3D lung-inspired flow-field can be accessed by clicking Fig. 4. Fig. 234 

4 (b) shows a virtual slice in the yz plane, displaying four fractal generations. The 235 

layers are clearly visible and there is good alignment between layers of the PCB 236 

without any overlap of channels. The dark grey regions, where the attenuation is lower, 237 

correspond to the flow channels (voids) in the fractal geometry. In addition, Fig. 4 (c) 238 

shows the virtual slice of the 3rd generation fractal outlets from the front face, i.e. 239 

showing the entire flow-field. This further highlights that the outlet channels are 240 

unobscured with no misalignment. 241 

 242 

 243 

 244 

 245 

 246 

 247 

Fig. 4: (a) Volume rendering of the scanned area of the lung-inspired flow-field and 3D track through 
video, (b) virtual slice in the yz plane showing the hierarchical fractal flow structure with four 
generations and (c) virtual slice in the xy plane showing the layout of channels at the 3rd generation 
outlets. 
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3.2 PEFC performance 248 

Polarisation curves were measured between open-circuit voltage (OCV) and 0.3 V, 249 

where each data point was recorded at 0.05 V intervals with 30s hold [46] at each 250 

interval. Measurements were carried out at three different RH levels - 40% RH, 70% 251 

RH and 100% RH - for the single-serpentine and lung-inspired cathode flow-fields, as 252 

shown in Fig. 5. 253 

 254 

 255 

The lung-inspired fuel cell shows better performance compared to the single-256 

serpentine fuel cell under all conditions. The optimal performance current density, 257 

which was measured at 0.6 V [47] cell voltage and taken to be a trade-off between 258 

Fig. 5: Polarisation curves at (a) 40% RH, (b) 70% RH and (c) 100% RH. (Legend: VF – cell voltage with 
fractal flow-field; VS – cell voltage with serpentine flow-field; PF – power density with fractal flow-field; VS 
– power density with serpentine flow-field).  
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efficiency and power, at 40% RH, 70% RH and 100% RH with the single-serpentine 259 

cathode flow-field was: 510 mA cm-2, 680 mA cm-2 and 700 mA cm-2, respectively; with 260 

the lung-inspired flow-field it was appreciably higher, namely, 705 mA cm-2, 760 mA 261 

cm-2 and 800 mA cm-2, respectively. This corresponds to an increase in performance 262 

of 41%, 12% and 14% of the lung-inspired design over the single-serpentine fuel cell, 263 

at 40% RH, 70% RH and 100% RH, respectively. 264 

The higher performance of the lung-inspired flow-field is attributed to its fractal 265 

geometry, with equal hydraulic path lengths between the inlet and all the outlets. This 266 

results in a transition from convective to diffusive air flow at the outlets, which 267 

distributes the reactants uniformly over the surface of the MEA [29]. The difference in 268 

performance between the lung-inspired and single-serpentine flow-fields decreases 269 

with increasing RH, particularly in the activation and ohmic regions, which is attributed 270 

to the improved conductivity of the membrane [48,49]. It is likely that the higher velocity 271 

of air in the serpentine flow-field channels leads to excessive drying of the membrane 272 

at low RH, leading to reduced membrane conductivity and cell performance. However, 273 

the performance of the lung-inspired design in the mass transport limited regime is 274 

much better compared to the single-serpentine flow-field, irrespective of reactant RH. 275 

It is clear that the lung-inspired flow-field performs better than the conventional 276 

serpentine flow-field at higher current density and is less subject to mass transport 277 

issues, such as water flooding and reactant starvation [50,51]. Furthermore, the 278 

presence of vertical flow paths, as shown in Fig. 1 and Fig. S 1(a), results in more 279 

effective water management compared to the previous dead-ended design [29], which 280 

flooded during operation at higher RH [29]. Severe mass transport limitations are 281 

evident in the cell with a single-serpentine flow-field compared to a lung-inspired flow-282 
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field at higher current density, between 900 mA cm-2 and 1100 mA cm-2, where its 283 

performance reduces drastically [52], as seen in Figs. 5 (b) and 5 (c).  284 

3.3 Temperature measurements 285 

The increase in cell temperature while measuring the polarisation curves was 286 

monitored, as shown in Fig. 6. At higher current density, there are mass transport 287 

limitations, and the cell temperature has a significant influence on the degree of liquid 288 

water saturation. Lower cell temperatures result in higher water retention at MEA level 289 

and a corresponding decrease in current density, and vice versa [53,54]. From Fig. 6 290 

it can be observed that, at a given current density, higher cell temperatures are 291 

developed in the single-serpentine flow-field at low reactant RH (40%), which can be 292 

attributed to membrane dehydration, while lower cell temperatures for the single-293 

serpentine flow-field (despite operating at lower potentials compared to the lung-294 

inspired flow-field) are developed at improved reactant RH (70% and 100%), which 295 

can be attributed to the occurrence of flooding in the cell.  296 

 297 

 298 

Fig. 6: Cell temperature during polarisation curve measurements for (a) single-serpentine flow-field and 
(b) lung-inspired flow-field at 40% RH, 70% RH and 100% RH. (Legend: VS – cell voltage with 
serpentine flow-field; VF – cell voltage with fractal flow-field; TS – serpentine flow-field temperature; TF 
– fractal flow-field temperature). 
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Further, it can be observed that the increase in cell temperature for the single-299 

serpentine flow-field is initially slow and later rises rapidly beyond 500 mA cm-2 at 40% 300 

RH and beyond 800 mA cm-2 for 70% RH and 100% RH, whereas for the lung-inspired 301 

design it increases much more gradually throughout the accessible current density 302 

range. This may be due to more uniform hydration of the MEA arising from the use of 303 

the lung-inspired flow-field, compared to that using the single-serpentine flow-field, 304 

where a non-uniform temperature increase is caused by the presence of localised dry 305 

and flooded regions. Apart from flooding, membrane resistance plays a crucial role in 306 

fuel cell performance, especially at low RH, and, hence, its effect is demonstrated in 307 

the next section. 308 

Overall, the lung-inspired flow-field allows higher operating temperatures that result in 309 

superior performance compared to the single-serpentine flow-field. 310 

3.4 Impedance measurements  311 

EIS was performed between 0.1 Hz and 100 kHz for the single-serpentine and lung-312 

inspired flow-fields over a range of current densities [55,56]. To obtain a stable 313 

measurement, the cells were held at the respective current density and reactant 314 

conditions constantly for 2 min before the corresponding EIS was performed. The EIS 315 

spectra at 300 mA cm-2, 600 mA cm-2 and 900 mA cm-2 are shown in Figs. 7 (a), (b) 316 

and (c).  317 

At the lowest current density of 300 mA cm-2, the charge transfer resistance observed 318 

for the lung-inspired and single-serpentine cells is almost identical, under all humidity 319 

conditions tested (corresponding equivalent circuit and charge transfer values are 320 

given in supplementary data Fig. S3 and Table S1, respectively). Increasing the 321 

current density to 600 mA cm-2, the charge transfer and mass transport resistances  322 
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 329 

 330 

 331 

 332 

 333 

 334 

 335 

 336 

 337 

 338 

 339 

 340 

Fig. 7: Electrochemical impedance spectra for single-serpentine and fractal flow-fields at (a) 300 
mA cm-2, (b) 600 mA cm-2 and (c) 900 mA cm-2, at 40% RH, 70% RH and 100% RH. (d) HFR for 
single-serpentine and lung-inspired flow-fields at 40% RH, 70% RH and 100% RH. 
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(Rmt) (equivalent circuit is depicted in Fig. S3 [57]) for the cell with lung-inspired flow-341 

field (Rmt is 0.025 Ω.cm2 and 0.03 Ω.cm2 at 70% RH and 100% RH, respectively) are 342 

lower than those with the single-serpentine flow-field (Rmt is 0.042 Ω.cm2 and 0.044 343 

Ω.cm2 at 70% RH and 100% RH, respectively). Finally, at 900 mA cm-2, the cell with 344 

the single-serpentine flow-field has significantly higher charge transfer and mass 345 

transfer resistances (Rmt is 0.16 Ω.cm2 and 0.9 Ω.cm2 at 70% RH and 100% RH, 346 

respectively) compared to the lung-inspired flow-field (Rmt is 0.03 Ω.cm2 and 0.04 347 

Ω.cm2 at 70% RH and 100% RH, respectively), implying that it is subject to excessive 348 

flow channel flooding that results in much lower levels of oxygen concentration at the 349 

cathode [58].  350 

In contrast, the cell with the lung-inspired flow-field shows a well-defined, stable and 351 

lower charge transport resistance with minimal or no mass transport/diffusive 352 

impedance. This demonstrates the ability of the lung-inspired design to distribute 353 

reactant gases and water uniformly over the MEA surface, maintaining a well-hydrated 354 

system, clear of any flooding in the flow path under a wider range of operating 355 

conditions. This is consistent with the improved performance in the mass transport 356 

region of the cell with the lung-inspired flow-field, as seen in Fig. 5.  357 

The high frequency resistance (HFR), which is determined from the high-frequency 358 

intercept with the real axis of the Nyquist plots (obtained from the EIS measurements 359 

as outlined in section 2.6) in Fig. 7, provides a measure of the ohmic resistance and 360 

is predominantly attributed to the membrane hydration and its associated conductivity 361 

[59,60]. Fig. 7 (d) shows that at 70% RH and 100% RH the membrane resistance 362 

initially decreases, as water is produced in the electrochemical reaction, goes through 363 

a minimum, and then increases as the cell temperature increases, leading to 364 
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membrane dehydration. This is well established behaviour [61] and common to both 365 

flow-field designs.  366 

The generally higher resistance at low RH (40%) indicates a less uniformly hydrated 367 

membrane. Even so, the resistance of the cell with the lung-inspired flow-field design 368 

remains relatively stable over the operational range, while that with the serpentine 369 

flow-field is significantly higher and increases rapidly for current densities above 500 370 

mA cm-2. This steep increase can be attributed to severe reduction in membrane 371 

conductivity due to membrane dehydration [41,62,63]. This suggests that the superior 372 

performance of the lung-inspired flow-field system at low RH can be attributed to the 373 

diffusion dominated, uniformly distributed and low velocity reactant flow occurring 374 

through the fractal structure [32,64] that minimises membrane dehydration while 375 

enabling higher temperature operation (Fig. 6(b)).  376 

3.5 Operating stability 377 

A galvanostatic test was performed to evaluate performance stability of the PEFC 378 

under both relatively dry and relatively humid conditions. Fig. 8 shows galvanostatic 379 

measurements at 40% RH (dry) and 70% RH (humid) conditions, where the current 380 

density is maintained at 700 mA cm-2 and 750 mA cm-2, respectively. At 40% RH, the 381 

performance of the lung-inspired flow-field is more stable compared to that of the 382 

single-serpentine flow-field over the entire duration of the test; the cell voltage variation 383 

for the lung-inspired and single-serpentine flow-fields ranged within 4% and 8%, 384 

respectively, of their initial values. Furthermore, at 70% RH the cell voltage variation 385 

range for the lung-inspired flow-field decreases to 2%, while for single-serpentine it is 386 

much higher at 12%.  387 

 388 
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 389 

Cell voltage fluctuations and erratic behaviour are related to liquid water accumulation 390 

in the gas distribution channels and its uneven removal [65,66]. Increase in water 391 

accumulation decreases the voltage, and vice versa [67]. The results in Fig. 8 provide 392 

further evidence of a more uniform water distribution and cell performance in the lung-393 

inspired design, compared to the conventional single-serpentine design. The 394 

convection dominated gas flow in the single-serpentine flow-field may have resulted 395 

in uneven levels of water saturation, creating regions of high and low water retention 396 

(flooding and drying) [28]. In addition, the single-serpentine flow-field could be subject 397 

to periodic localised flooding [68], suggested by the cell voltage fluctuations [69,70]. 398 

In previous work, the extent of the cell voltage fluctuations (peaks in Fig. 8 (a) and 8 399 

(b)) has been linked to the degree of flooding in a fuel cell [71], the degree of hydration 400 

of the membrane and its level of swelling [72]. Increasing RH from 40% to 70% 401 

increases the level of cell voltage fluctuations for the single-serpentine flow-field, 402 

indicative of greater flooding in channels at higher RH. However, the lung-inspired 403 

system remains stable when humidity increases, consistent with more uniformity in 404 

Fig. 8: Cell voltage fluctuation over 6 h during galvanostatic tests at (a) 40% RH and 700 mA cm-2 
and (b) 70% RH and 750 mA cm-2. 
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water distribution. This is in line with the improved transport of reactants via lung-405 

inspired flow-fields. 406 

4. Conclusions 407 

This study is the first to combine a fractal, lung-inspired cathode flow-field with a low 408 

cost PCB- based manufacturing technique, via a layer-wise assembly approach. The 409 

PCB approach offers a cost-effective alternative to previously reported fabrication 410 

methods for such flow-fields, which employed selective laser sintering. This also opens 411 

up the possibility of easily scalable manufacturing of fractal flow structures for a range 412 

of other applications.  413 

X-ray CT scans of the flow-field indicated well aligned and properly assembled PCB 414 

layers, confirming the precision of the adopted method of manufacturing. The lung-415 

inspired flow-field delivered enhanced performance compared to a conventional 416 

single-serpentine flow-field. Polarisation curves indicated a performance 417 

enhancement in lung-inspired flow-fields by 41%, 12% and 14% at 0.6V cell potential 418 

for 40%, 70% and 100% reactant humidity (RH) conditions, respectively.  Higher 419 

operating temperatures by 2-3 ⁰C were observed in the lung-inspired flow-field that 420 

resulted in its superior performance over the single-serpentine flow-field.  421 

In addition, the performance enhancement in the lung-inspired flow-field was 422 

particularly observed at high RH and high current density. Electrochemical impedance 423 

spectroscopy was used to show that this is due to more uniform distribution of 424 

reactants and water management in the cell; the mass transfer resistances developed 425 

at 100% RH and higher current density (~900 mA cm-2) were 0.04 Ω.cm2 for lung-426 

inspired flow-field and 0.9 Ω.cm2 for single-serpentine flow-field. Galvanostatic tests 427 

on the flow-fields indicate a much more stable operation of lung-inspired PEFC; 428 
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voltage fluctuations at constant current hold for lung-inspired and single-serpentine 429 

were observed to be within 2% and 12% of their initial values at relatively humid 430 

reactant conditions.  431 
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