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Abstract— Up to date, the efficiencies of proton exchange
membrane fuel cells (PEMFCs) are limited by the water
flooding issue. Water monitoring systems, which are a crucial
step to overcoming these flooding-related problems, are mostly
either invasive or compromise on the temporal resolution and
field of view. Thus, we propose an ultrasonic-Lamb-waves-
based, real-time, and nondestructive water monitoring system.
Briefly, ultrasonic transducers are mounted on the back side of
bipolar plates (BPPs) exciting Lamb waves along flow channels
incorporated in BPPs. Echo signals from water droplets in the
channels are also received by the transducers. Thus, with the
knowledge of Lamb wave propagation velocity, water droplets
are spatially resolved by the time of flight of each droplet
echo. Meanwhile, the energy of each droplet-induced echo wave
packet is used to quantify the local flooding status. We have
implemented a flexible and generic system adaptable to various
flow field designs. The working principle was demonstrated for
ex situ conditions with a BPP with a 25-cm2 active area. A water
sensitivity of at least 50 nL was realized, allowing for studying
droplet and slug flows in PEMFCs. A 1.3-mm spatial resolution
and a 2-kHz temporal resolution were simultaneously achieved.
The high-performance water monitoring opens new horizons to
study dynamic water evolution in channels of PEMFCs using
cost-effective instrumentation, which may pave the way toward
more efficient high-power PEMFCs with increased lifetimes.

Index Terms— Cross correlation, echo localization, flood-
ing issue, low-temperature proton exchange membrane fuel
cell (PEMFC), ultrasonic flow field measurement, ultrasonic
Lamb wave.
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I. INTRODUCTION

PROTON exchange membrane fuel cells (PEMFCs) are
electrochemical devices that convert chemical energy

into electricity, performing redox reactions of hydrogen and
oxygen in a CO2-emission-free process [1]. Specifically, low-
temperature PEMFCs, which are operated below 100 ◦C,
possess various attractive properties, namely, simple architec-
ture [2], fast startup [3], and high power densities [4]. Thus,
they show great potential to revolutionize energy resources for
the next-generation automotive vehicles [5], portable devices
[6], and stationary power storage systems [7]. However, during
the operation of a PEMFC, water droplets are commonly
formed as byproducts in its flow field, and the accumulation
of water droplets may block the entire cross section of
flow channels (Fig. 1) [8]. This hinders the gas (oxygen)
transport and leads to an output power drop, which is
termed as the flooding issue [9]. Aiming for PEMFCs with
higher efficiency, knowledge of dynamic water generation and
transportation behaviors during operation are of considerable
importance [10]. This requires water monitoring systems that
are capable of capturing the real-time water distribution—
i.e., above 10 Hz—in an entire operating fuel cell and of
providing sufficient spatial resolution to monitor local water
transport phenomena in a nondestructive manner while using
cost-effective infrastructure [11].

Up to date, various water monitoring systems for PEMFCs
have been developed, including optical imaging [12], magnetic
resonance imaging (MRI) [13], electrochemical impedance
spectroscopy (EIS) [14], as well as radiography [15], computer
tomography (CT), and small angle scattering exploiting X-rays
and neutrons [16], [17], [18], [19]. Most of these techniques
are able to provide high spatial resolutions ranging from sub-
micrometer to sub-millimeter. However, they either exhibit
serious drawbacks regarding cost, ease of access, and radiation
damage in fuel cells [17] or suffer from the tradeoff between
temporal resolution and the field-of-view (FoV) dimension.
For example, optical visualization systems can only penetrate
fuel cells with transparent bipolar plates (BPPs) [20], while
MRI devices are not suitable for fuel cells with ferromagnetic
materials [21]. Therefore, studies based on such systems
are not representative for state-of-the-art PEMFCs with their
carbon-based compound or metallic BPPs [22]. In X-ray
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Fig. 1. Cross-sectional view of a typical PEMFC structure equipped with
metallic BPPs, in which the working principle of PEMFCs and the water
flooding issue is illustrated.

or neutron CT systems, the observation of water evolution
phenomena in a PEMFC with separated water information
of anode and cathode relies on the rotation of a test fuel
cell and capturing 2-D radiographic images at various angles.
Typical laboratory-based CT systems take more than an hour
to acquire a single segmented water distribution of a small
bespoke cell, e.g., with an active area of 2 cm2 [23], which
is insufficient to resolve dynamic water evolution occurring
at the order of subseconds to seconds [24]. Higher image
rates are only possible at synchrotron-based CT systems [25],
which are more challenging to integrate into research and
development work flows. The temporal resolution of EIS is
limited to approximately 0.5 Hz mainly due to the investigated
low-frequency range of typical 0.1 Hz–1 kHz [26].

Ultrasonic methods open new horizons to overcome these
drawbacks. Up to date, the acoustic emission technique
has been demonstrated for the diagnosis of water flooding
in operating PEMFCs [27]: an ultrasonic transducer is
directly coupled to a working PEMFC to receive longitudinal
ultrasonic waves produced by water generation and removal.
The accumulated acoustic emission energy correlates with the
polarization state of test fuel cells [28]. Unfortunately, such
a scheme of passively receiving ultrasonic waves is not able
to spatially resolve water droplets, and therefore, it does not
clearly reveal the dynamics of water generation, removal, and
retention in a fuel cell. Moreover, the penetration depth of
longitudinal waves in heterogeneous fuel cell structures is
limited, which, in turn, reduces the FoV. In this regard, surface
acoustic waves (SAWs) are superior thanks to their weak
attenuation on plate-like structures—e.g., BPPs. Furthermore,
the interaction of a SAW with a discontinuity on the surface,
e.g., a droplet, will lead to reflection or attenuation of the
incident wave [29]. In recent work, a tomographic water
droplet localization scheme is implemented using Lamb waves
crossing the entire flow field in different directions [30],
in which a localization precision of approximately 4 mm in the
case of a single 5-µL droplet was realized. The low sensitivity
to water is mainly due to the low transmission efficiency
of Lamb waves crossing the flow field with complicated
geometries where reflections and mode conversions of Lamb
waves are at rib-channel boundaries [green dashed arrows in
Fig. 2(a)].

In this work, we propose a Lamb-wave-echo-localization
based water monitoring system for PEMFCs (Fig. 2). In our
approach, Lamb waves are only generated along flow channels
where water droplets could appear using multiple ultrasonic
transducers. Hence, the Lamb wave propagation along these

Fig. 2. Working principle of the proposed water monitoring system based
on echo localization. (a) Lamb waves enable operando studies of water
droplets in flow fields using ultrasonic transducers attached to the opposite
side of monitored channels. Primary wave and echo propagate only along
each flow channel (blue arrows). Inset: mechanism of droplet induced echo
generation in the top view along a flow channel. Green arrows: wave
propagation crossing the entire flow field proposed in [29] for comparison,
where complicated reflections and mode conversions occur at each channel
boundary. (b) Electronics: multichannel transceiver and data acquisition
module. (c) Digital signal processing for localization and quantification of
water droplets.

free-standing flow channels can be approximated as a flat plate.
Such an excitation scheme not only enhances the transmission
efficiency of Lamb waves but also simplifies the localization
procedure as multiple parallel A-scans of each flow channel
[Fig. 2(c)]. It has been previously reported that droplets are
echo-generic under Rayleigh–Lamb wave excitations, where
an incident wave is a mode converted by a droplet to a
Stoneley wave traveling along the three-phase contact line,
which generates echoes [inset of Fig. 2(a)] [31], [32]. Thus,
with a proper knowledge of the wave velocity, the position
of a droplet can be accurately and precisely determined by
resolving the time of flight (ToF) of a received echo. Moreover,
as Lamb waves propagate along both surfaces of a plate-
like carrier, water droplets sitting in a flow channel can be
detected by ultrasonic transducers coupled to the opposite side
of the BPP. Therefore, our proposed method requires only
minimal modifications of PEMFC structures, which allows
for nondestructive imaging of water droplets. Furthermore,
the pulsed echo localization scheme provides high temporal
resolution, thanks to fast wave velocities. In addition, our
proposed system requires only ultrasonic transducers as well
as a multichannel excitation and data acquisition device, which
usually costs less than e20k. This drastically reduces the
cost of systemic infrastructure compared with CT and MRI
systems.

The remaining of this article is structured as follows.
Section II demonstrates the detailed design and imple-
mentation of the water localization system, including the
electronics and signal processing methods. The experimental
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Fig. 3. Numerically calculated dispersion relations of fundamental Lamb
modes for BPPs formed by three typical metals and thicknesses. The bulk
wave velocities of the materials are taken from the material library of
COMSOL Multiphysics [38].

Fig. 4. Functional block diagram of the electronics.

setup and procedure are described in Section III. Section IV
experimentally investigates the key performance metrics of the
system in ex situ conditions, including the water sensitivity,
spatiotemporal resolution, FoV, as well as accuracy and
precision at quasi-static states. The results are analyzed and
discussed in detail. Finally, the conclusions and outlook are
summarized in Section V.

II. SYSTEM DESIGN AND IMPLEMENTATION

A. Lamb Waves on BPPs

The basis of the proposed echo localization method is
frequency-dependent phase velocities of Lamb waves on plate-
like structures, i.e., dispersion relations, which are illustrated
in Fig. 3. On a flat plate, the relation is determined by
the thickness and the longitudinal and transverse wave
velocities of the plate [33]. Metal and graphitic composite
are the two main BPP materials for commercial PEMFCs.
Metallic BPPs are superior in terms of high electrical and
thermal conductivities, high mechanical strength, and low gas

permeability [22], [34]. Metallic BPPs can be manufactured
by stamp forming or hydroforming thin sheets of stainless
steel, Aluminum (Al), Titanium (Ti), and their alloys [35].
BPP thicknesses range from 75 to 500 µm depending
on the strengths of materials and the flow field designs
[36]. In contrast, graphitic BPPs possess a wide range of
compositions [37], and their filler matrix-based amorphous
microstructures may lead to strong attenuation of acoustic
waves. Therefore, they are not further discussed within this
article.

For clarity, Fig. 3 shows the calculated phase velocities
of the fundamental symmetric (S0) and antisymmetric (A0)
plate modes of three typical metallic BPPs in the frequency
range of 0.1–10 MHz. The temporal resolution of the pulsed
echo localization scheme is determined by the double path
Lamb wave propagation time along each flow channel.
In this frequency range, both the S0 and A0 modes provide
sufficiently high temporal resolution. For instance, a temporal
resolution of 2 kHz can be achieved for large-scale PEMFCs,
e.g., with 500-mm-long straight sections of flow channels,
assuming a wave packet propagation velocity (i.e., the group
velocity) of 2 km/s. Compared with the S0 modes, the slower
A0 modes possess shorter wavelengths and potentially provide
greater spatial resolution. Thus, only A0 modes are discussed
within this work. Nevertheless, due to the similar A0 velocities
in this frequency range, the aforementioned spatiotemporal
resolution can generally be achieved for PEMFCs equipped
with a wide variety of metallic BPPs.

Note that higher order Lamb modes with different velocities
exist when the frequency-thickness product exceeds a certain
value, which means that a single droplet may generate several
echoes with different transient times leading to localization
ambiguities. In this work, we realized pure A0 mode excitation
and receiving with a gel-coupled angle beam transducer
scheme to eliminate the potential localization ambiguity
(details are given in Section III-A).

B. Multichannel Excitation and Data Acquisition System

As part of the proposed water monitoring system, our in-
house built research platform serves as the excitation and data
acquisition electronics that supports up to 256 simultaneous
flow channels [39]. The modular electronics consists of three
main parts, namely, a transceiver, a signal acquisition, and
digitization module, and a central control unit, as shown
in Fig. 4. Measurement procedures can be entered into the
computer, such as the excitation waveform, pulse repetition
frequency (PRF), receiver gain factors, sampling frequency,
length of data acquisition events, and total measurement time.
These given parameters are then interpreted into byte code by
the Python-based host PC software, and executed by a 32-bit
microcontroller (MCU) (ATSAM4SA16C, Atmel, USA).

Peripheral devices, such as optical cameras and gas
compressors, can also be triggered by the MCU, allowing for
synchronized operation. The transceiver circuit is capable of
generating high voltage stimulations at PRF up to 20 kHz,
to excite the ultrasonic transducers that are coupled to flow
channels of BPPs. Interchangeable analog signal backplanes
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Fig. 5. Schematic of the cross-correlation-based signal processing method.
(a) Physical interpretation of the cross-correlation method, where ToF and
amplitude of a correlation peak are used to localize and quantify droplets.
(b) Spatial resolution limit of the method corresponds to the FWHM of a
cross-correlation peak.

are designed to connect the ultrasonic transducers and the
transceiver circuitry, allowing probes with different interfaces
or element mappings to be adapted to a variety of flow field
designs and geometries.

The received and amplified echo signals are then digitized
by analog-to-digital converters (ADC) (NI 5752, National
Instruments, USA) with a sampling rate of up to 50 MHz
at 12-bit digitization resolution. The digital signals are fed
to field-programmable gate arrays (FPGAs) (PXIe-7965, NI),
which can perform custom precondition, such as digital
filtering and I/Q down conversion. Data are transferred to the
host computer via PXI (PXIe-8861, NI) at a maximum rate
of 8 GB/s, enabling real-time transfer of measurement data
from large flow channels. Finally, the host PC performs digital
signal processing to locate and quantify water content.

C. Quantification and Localization of Water Content

In this work, a cross-correlation technique is used to
quantify and localize water droplets (Fig. 5), which is
performed simultaneously for all flow channels. Specifically,
the ultrasonic signals collected from linear time-invariant (LTI)

flow channels are modeled as a superposition of reflected
waves from different single droplets located at different
positions and influenced by additive noise. Mathematically,
this is written in (1), where the convolution of a transmitted
signal Tx(t) and the Lamb mode shape-dependent reflection
coefficient r(t − 2 · d/v) represents a complex Lamb wave
reflection event from a droplet with a unit diameter whose
center is at a distance of d from a transducer [29], v is the
wave velocity, σ is the scattering cross section of the droplet,
and n(t) stands for additive noise

Rx(t) =

∑ √
σ · Tx(t) ⊗ r(t − 2 · d/v) + n(t). (1)

Thus, localization of a droplet requires resolving the transient
time, i.e., ToF of its induced echo from a received signal.
Moreover, (1) implies that the echo intensity is positively
proportional to the dimension of a droplet. However, due to
the complex 3-D geometry, an exact analytical expression
of the reflection coefficient term in (1) is hard to obtain.
Thus, the relation between echo energy and droplet dimension
must be experimentally determined, and it enables a possibility
to quantify the spatial water content, i.e., the local flooding
status. More specifically, such a relationship provided by
our measurement system applied to a specific BPP can be
first experimentally characterized, and quantities of locally
resolved water content in actual measurements can be
estimated from the precalibrated relationship.

Therefore, the matched filter scheme is arguably the most
suitable approach to simultaneously obtain the energy and ToF
of each reflection event since it provides high signal-to-noise
ratio (SNR). A matched filter performs a cross correlation
of a received signal and a reference signal, where the latter
is appropriately designed to match with actual measurement
signals to a maximum extent [40]. Due to a lack of prior
knowledge of the droplet-induced echo waveform, in this
work, we combine the cross-correlation scheme and the echo
signal energy integral method to accurately obtain both the
droplet echo energy and its ToF [41]. This is realized by
cross correlation of the square of a received signal and a unit
rectangular window with the same duration of the excitation
signal, as shown in Fig. 5(a)

rect ∗ Rx2[n] =

m=N∑
m=0

rect[m − n] · Rx2[m]. (2)

This process is mathematically expressed as (2), in which
rect and Rx are the unit rectangular function and the digitized
received signal, possessing in total N samples indexed with
m, respectively. Thus, the cross-correlation value calculated
at each time shift n represents a sliding window energy of
the received signal. With a sliding window length equal to
the excitation duration, most of the droplet echo energy is
concentrated at the beginning of the wavelet reception [orange
area in Fig. 5(a)]. In other words, ToF and energy of the droplet
echo can be accurately obtained by resolving the shift delay
and amplitude of its cross-correlation peak, respectively. When
locating multiple droplets with this approach, the correlation
peaks of each droplet are superimposed in the output of the
matched filter. Moreover, a ToF difference of two wavelets less
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than their durations results in an overlapping of two correlation
peaks so that they cannot be distinguished [Fig. 5(b)]. This
means that the spatial resolution limit of this approach
corresponds to the full-width at half-maximum (FWHM) of a
correlation peak. Therefore, the highest spatial resolution that
can be realized by this approach is on the order of wavelength
for a single-period burst excitation, corresponding to a wider
bandwidth in the frequency domain.

III. EXPERIMENTAL METHODS

A. Measurement Setup and Parameters

For experimental validation purposes, a setup consisting
of mainly four parts was assembled: a bespoke BPP,
a linear ultrasonic transducer array, the system electronics,
and a camera. To demonstrate the working principle of a
representative BPP, the geometry and surface properties of
the investigated BPP correspond to a simplified version of
a state-of-the-art BPP design [43]. As depicted in Fig. 6(a),
a flow field possessing a 20-bend single serpentine channel
is incorporated into an Al BPP with a homogeneous sheet
thickness of 400 µm. The total active area of the flow field
is 25 mm2, and the flow channel has a depth of 500 µm,
a width of 1 mm, and a 50-mm length of each straight section.
The measured water contact angle on this BPP was 63◦.
A linear ultrasonic transducer array (Imasonic SAS, 4-MHz
central frequency, and 50% relative bandwidth) was coupled
to a BPP from its backside [Fig. 6(b)] using ultrasound gel
(SONOGLIDE FE 20). This configuration mimics operando
monitoring of water evolution in the anode or cathode of a
regular PEFMC without modifying its structure.

The transducer array possesses 128 elements with 0.95-mm
length and a pitch of 300 µm between each two elements,
which corresponds to a total active width of 38.4 mm covering
the middle 16 straight sections of the serpentine except the
inlet and outlet manifolds [red shade in Fig. 6(a)]. The active
surface of the transducer array was aligned perpendicularly to
the flow channels, ensuring the wave propagation along the
straight sections of the flow channel. During measurements,
only the elements attached to flow channels are activated.
Moreover, due to the small element width, five elements are
combined to detect water droplets in a single straight channel
by summing up their received signals [Fig. 6(b)]. To generate
and receive A0 mode Lamb waves, the incident angle of
ultrasonic waves was adjusted to approximately 37◦, according
to Snell’s law of the angled beam scheme (3). Specifically, vgel
and vp-A0 in (3) are the phase velocities of longitudinal waves
in the coupling gel and the A0 mode Lamb waves. Their values
at 4 MHz, i.e., the central frequency of the transducer array,
are estimated as 1540 and 2550 m/s, respectively,

θ = arcsin
(
vgel/vp-A0

)
. (3)

The experiments used single-cycle 4-MHz tone bursts with
an amplitude of 100 Vpp at a PRF of 2 kHz to excite the
ultrasonic transducers. Under such electrical excitations, the
transducers generate approximately 1-µs pulses due to their
50% relative bandwidth. After transmission, the echo signals
were recorded for 50 µs, corresponding to a single-path wave

Fig. 6. Experimental setup (a) flow field geometry incorporated in
400-µm-thick Al BPPs; red and green shades indicate the monitored flow
channels and position of transducer array, respectively, (b) bottom view of
the setup, depicting cross-sectional dimensions of transducer array elements
and flow channels, and (c) side view of angled beam transducer array (incident
angle 37◦). The transducer array possesses three separated element rows, and
only the first row marked as red was used in the experiments.

propagation distance over 60 mm, which is sufficient for
detecting water droplets anywhere in the straight channels.
The received echo signals were sampled at 50 MHz with
12-bit digitization resolution and bandpass filtered within the
bandwidth of the transducer array.

A micropipette (TS-GP-01, Polypropylene) with a volume
range of 100 nL–2.5 µL was used to manually apply tiny
droplets into flow channels. This mimics water droplets’
detachments from the gas diffusion layer (GDL) under a
certain gas flow rate or confined by the channel depth [42].
The water content in flow channels and their actual positions
were obtained from digital images recorded by a camera
(Quantalux CS2100M-USB, Thorlabs) mounted above the
BPP. With an FoV of the entire BPP, the camera provides
a magnification factor of 25 pixels/mm. The proposed water
monitoring system was investigated in our laboratory without
additional temperature control.

B. Characterization Procedure

To be clear on the characterization procedure, Fig. 7(a)
shows the two signals acquired before and after transferring
a droplet into the same channel. It is observed that the actual
droplet-induced echo is superimposed with electromagnetic
interference (EMI) of the high voltage excitation and
reverberations of longitudinal waves between the BPP and
coupling gel surfaces. In order to accurately characterize
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Fig. 7. Characterization on water sensitivity of the measurement system
(a) two successive signals acquired before and after applying a droplet into
the channel approximately 47.5 mm away from the transducer array (see
inset); signal after digitization is provided in a.u. by the system, (b) extracted
droplet-induced echo signal (blue line and inset), and cross-correlation values
(green line) indicating the 50-point sliding window signal energy, and (c) SBR
levels for resolving tiny droplets placed at the distal ends of all 16 straight
channel sections covered by the transducer array, in which the highest
background levels after baseline removal are also given.

the performance of our system monitoring water droplets,
the droplet-unrelated background signal (baseline) must be
properly removed from a signal measured with the presence
of water droplets.

Because our manual operations of droplet transferring and
wiping may occasionally lead to mechanical loose of the
transducer array’s fixture and deform the couplant gel, the
droplet-unrelated baseline may vary over time. In this case,
a simple subtraction of a sole baseline recorded beforehand
in the absence of water droplets from a current-measured

signal with droplets applied to a flow channel could lead to
significant errors of the characterization [43], [44]. To mitigate
such an issue, in our experiments, a new baseline was
recorded right before transferring a droplet to a flow
channel, and a subtraction was performed between the two
measurements carried out one after the other together with
droplet manipulations. This is known as a continuous baseline
update and subtraction scheme that is widely applied in the
field of structural health monitoring, in which this simple
operation can effectively suppress gradual baseline variation
due to, e.g., broad range 20 ◦C–60 ◦C temperature fluctuations
[45]. This method is valid as long as the baseline difference
between two measurements is negligible compared with the
droplet-featured signals, which holds true in our ex- itu
measurements. This is because droplets were abruptly applied
to flow channels, and signals were acquired at a high repetition
rate, during which time the baseline did not drastically change.

For further localization and quantification of water contents,
an extracted droplet-induced echo signal was cross correlated
with a unit rectangular function with a pulse duration
of 1 µs (i.e., same as the excitation signal length) served as
the reference signal.

IV. RESULTS AND DISCUSSION

A. Sensitivity to Water Volume

We first determined the amount of water content that can be
detected by our system. Considering the potential attenuation
of Lamb waves with distance, the echo localization of water
droplets that are placed at the distal end of each straight
channel was investigated. Specifically, droplets with diameters
smaller than the channel cross section were manually placed
in the channels at approximately 47.5 mm from the transducer
array [inset of Fig. 7(a)]. It is worth mentioning that the
volumes of these droplets were below the precision limit
(100 ± 15 nL) of the micropipette. Therefore, the actual
volumes of droplets transferred into flow channels were
estimated from their diameters captured in the digital images
together with the contact angle, as 50 ± 15 nL.

For the particular case shown in Fig. 7(a), the extracted
droplet-induced echo and the cross-correlation values are
plotted in Fig. 7(b), where the high amplitude wave packet
onset at 36.5 µs is clearly observed and indicated by the
position of the highest cross-correlation peak. It is noticed that
the signal starting from 39.4 µs (appearing both in the baseline
and in the measurement) represents the reflection from the end
of the channel, which provides a real-time updated estimation
on the group velocity of the wave packet

Vg = 2 × 51.5 mm/39.4 µs = 2614.2 m/s. (4)

Hence, the center of the droplet is calculated at d = Vg ·

1t/2 = 47.71 mm away from the transducer array, in very
good agreement with the optically resolved 47.5 mm.

Moreover, the ability of the cross-correlation method to
accurately and precisely distinguish a droplet from background
noise with baseline removed is represented as the ratio of the
droplet echo energy and the highest energy of background
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noise in 1 µs, which is termed here as the signal-to-
background ratio (SBR). For the particular case shown in
Fig. 7(a) and (b), the SBR value is calculated in terms of
echo energies (5), neglecting the first reflection from coupling
gel surface and the echo from the end of channel

SBR = 10 · log10(7.8/0.37) = 13.24 dB. (5)

Similarly, the SBR and background levels provided by our
measurement system monitoring a tiny droplet appearing at
the distal ends of all investigated channel sections were
investigated and plotted in Fig. 7(c). This achieved SBR with
a mean value of 11.68 dB and a standard deviation of 1.44 dB
proves that our system is capable of localizing water droplets
as small as 50 nL, and the realized high SBR levels suggest
that the sensitivity limit of our system could be higher than
this value. Nevertheless, the background levels are comparable
among the monitored 16 flow channel sections providing a
mean value as low as (0.42 ± 0.13) × 106, which indicates
the effectiveness of the continuous baseline scheme and the
consistency of our measurement system across the entire FoV.
While the fluctuations of the SBR levels are mainly attributed
to the echo energy of droplets with slightly different volumes.

B. Quantification of the Local Water Content

For the purpose of evaluating local water content, the
relations of echo energy and the volume and the position of the
droplets were characterized. These experiments were carried
out only for one straight channel due to the consistency of
our measurement system. We studied water droplets with three
different volumes: 175 ± 25, 100 ± 15, and 50 ± 15 nL. The
insets of Fig. 8(a) depict optical images of a flow channel
containing such droplets. A 50-nL droplet only partially
occupies the flow channel cross section, representative for
droplet flows commonly observed in PEMFCs operated at high
current densities [46]. In contrast, droplets beyond 100 nL
entirely clog the flow channel, which represents slug/plug
flows that reduce the output power of PEMFCs [47].

The influence of the droplet position and volume on its
echo energy was obtained from measurements of 24 different
droplets. They were placed at different positions in a flow
channel, and the droplet position and volume dependencies
of echo energy are plotted in Fig. 8(a) and (b), respectively.
First, Fig. 8(a) shows that the echo energy is not clearly
correlated with the position of the droplet in all liquid volume
groups, where energies from near and far droplets in the
same volume group are comparable. This can be explained
by the low attenuation of Lamb waves on metallic BPPs.
In contrast, a strongly positive correlation between echo energy
and droplet dimension is observed. The average value of echo
energy was four times increased, when the liquid volume
increased from 50 to 100 nL. Further increasing the water
volume to approximately 175 nL, i.e., forming an elliptical
slug in the channel, does not affect the echo energy much. This
is because a droplet of approximately 100 nL fully occupies
the entire channel width, and the scattering cross section of a
bigger slug cannot be further increased. Therefore, the received
echo energy is saturated at this level.

Fig. 8. Relations of echo energy, droplet volume, and position from
24 droplets placed at various positions in a flow channel, allowing for
evaluation of local flooding status. (a) Relation of echo energy and position of
droplet with three different volumes. (b) Relation of echo energy and droplet
diameter.

Insufficient liquid volume control and optical imaging
resolution prohibited us from deriving a physically meaningful
relation of droplet dimension and resulting echo energy.
Nanoliter level precision might, otherwise, be possible by
curve fitting of the measured data [48]. Nevertheless, the
local flooding status of a flow channel can be determined
in a semiquantitative manner, setting two threshold values:
a spatially resolved reflection event with echo energy greater
than 1.25 × 107 is considered a “slug,” and any other received
echo energy higher than the background floor counts as
“partially wetted.”

C. Localization Accuracy

In experiments, the local background noise interferes with
the droplet-induced echo, which may lead to localization error
due to a correlation peak shift of multiple sampling points.
In order to evaluate the accuracy of our system, the absolute
values of localization errors for the group of 50 ± 15 nL
droplets placed at different positions in a flow channel are
plotted in Fig. 9, in which the background color is encoded
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Fig. 9. Relation of the absolute values of localization errors, position, and
local SNRs for the group of 50 ± 15 nL droplets.

by the local SNR values. Note that the local the SNR values
here are different from the aforementioned SBR. This is
because the background noise level is position dependent.
The background noise exhibits a higher amplitude in closer
distances that correspond to multiple reflections from the
gel wedge surface [see Figs. 7(b) and 9]. This phenomenon
appeared in the acquired signals of all droplets. This makes the
abovementioned SBR value indicating the overall detectability
unsuitable to evaluate local noise interfering with a droplet
echo at the same time gate. To obtain the local SNRs, the
mean value of these measured droplets’ echo energy is used
as the signal level, i.e., 5.06 × 107 (see Fig. 8), while the noise
level of each position integrates the noise energy over a 1-µs
window in the corresponding time gate, and the noise signal
is taken from the baseline variation measured in the absence
of droplets.

In Fig. 9, a negative correlation between localization error
and local SNR is clearly observed. And, the localization
errors at 13.1 and 18.4 mm were induced by the gel wedge,
which can be improved by using a regular non-destructive
testing (NDT) wedge with a damping layer [49]. Moreover,
the localization errors of all 50 nL small droplets are all within
500 µm that is below one wavelength. In contrast, due to the
high echo energy of the other two groups of bigger droplets,
their localization errors were all within 200 µm at any place
in the flow channel, with SNRs higher than 16 dB.

D. Spatiotemporal Resolution

The spatial resolution, as a key performance metric of the
water monitoring system, was further investigated. For this
purpose, two water droplets were placed close to each other
in the same flow channel, as shown in Fig. 10. From the
optical image, the distance between the centers of the two
droplets is measured as 1.8–1.9 mm. The measured echo signal
with baseline subtracted is also plotted in Fig. 10, together
with the cross-correlation result. Taking the group velocity
calculated in (4), the two droplets are more clearly resolved
at 26.75 and 28.63 mm from the transducer, respectively.
Thus, their distance obtained in the ultrasonic measurement

Fig. 10. Measurement of the spatial resolution of the cross-correlation
localization scheme.

is 1.88 mm, in good agreement with the optical measurement.
It is noticed that, with the given excitation parameters,
the resulting FWHM of the correlation peak is 1.3 mm,
which is the spatial resolution limit of the cross-correlation
approach. In practical experiments, with a center distance
below approximately 1.5 mm, two nearby slugs or relatively
bigger droplets approximately 100 nL soon merge with each
other due to the surface tension. Therefore, the current spatial
resolution is sufficient to study the dynamic droplet evolution
in PEMFCs. Furthermore, the echo energy of both droplets
is below the threshold value of slug flow set at 1.25 × 107.
Therefore, the flow channel at the two positions is determined
as partially wetted, which agrees well with the optical image
as well. The ratio of the two correlation peak amplitudes,
i.e., the echo energy, also stands for their relative dimensions.
However, in addition to the two high amplitude peaks, another
peak with a lower amplitude corresponding to 31.9 mm
appears, whereas no droplet was observed there in the flow
channel. We propose that this may be a pseudo-peak due to the
reverberation, i.e., a secondary echo traveled twice the distance
between the two droplets.

E. Comparison to Other Techniques

Table I positions our proposed method in the field of
available techniques, including state-of-the-art imaging-based
X-ray and neutron CT systems, as well as nonimaging EIS.
Compared with CT systems, our approach scores in cost
effectiveness, ease of availability, and flexible adaption, and
it is not limited by the tradeoff between temporal resolution
and FOV. In contrast, the CT systems are superior with
respect to sensitivity to water and spatial resolution, and also
in monitoring the MEA. EIS is another cost effective and
noninvasive diagnosis method for PEMFCs. EIS is capable
of detecting air starvation, membrane dehydration, and water
flooding, which outperforms other techniques listed in Table I
that are dedicated only for water monitoring. However, most
EIS systems emphasize on global fault diagnosis of PEMFCs,
and therefore, they are hardly able to localize the fault sites.
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TABLE I
COMPARISON OF KEY PERFORMANCE METRICS FOR SELECTED WATER MONITORING METHODS

Therefore, EIS might not provide sufficient insights on flow
field optimization toward advanced water management of
PEMFCs.

V. CONCLUSION AND OUTLOOK

In this work, we presented a novel ultrasonic Lamb-
wave-based water monitoring system for PEM fuel cells.
Our ex situ experiments show that the proposed system is
able to accurately localize water volumes within research
and development scale PEMFC flow fields with high
spatiotemporal resolution at quasi-static states.

First, mimicking droplet detachment into flow channels
using a manual micropipette, we demonstrated that our system
is able to detect a water volume of 50 nL in the entire
50-mm-long straight sections of the flow field. We emphasize
that the determined sensitivity to water content does not
correspond to the lower limit of our instrumentation but
rather of the precision limit of our volume control. Together
with the continuous baseline update and subtraction scheme
suppressing slow variations of the system like mechanical loss,
our system is able to clearly discriminate such 50-nL droplets
providing high SBR over 10 dB.

Second, a spatial resolution of 1.3 mm for localizing
droplets was achieved by a cross correlation-based ToF
ranging method, which is sufficient for studying the generation
and accumulation of 50-nL droplets. Meanwhile, three
flooding states can be distinguished from the strength of a
measured echo signal, i.e., its cross-correlation peak height,
namely, dry, partially wetted (approximately 50 nL), and fully
clogged (>100 nL).

The use of a real-time Lamb wave velocity estimation from
the end-of-channel reflection allowed us to accurately localize
droplets that were abruptly transferred into flow channels,
where the localization errors were less than 500 µm.

One of the main advantages of the proposed method
is the temporal resolution in the kilohertz range. This
provides us with sufficient flexibility to scale up our
current instrumentation for applications in technical fuel
cells with larger dimensions and more complex flow field
designs. This can be realized by integrating more compact
ultrasonic transducers to all flow channels, and the transducers
can be accessed by a time-division multiplexing scheme

without further increasing more simultaneous channels of the
transceiver circuit.

In summary, given the geometry of the BPP, sensitivity,
spatiotemporal resolution, and FoV, our proposed method
is sufficient for monitoring water evolution not only in
research and development scale PEMFCs, and the results
also suggest a transferability of the method to technically
relevant sizes. The work shown here is a proof of concept
of the proposed Lamb-wave-based echo localization of water
droplets method, and it serves as a performance benchmark
for future developments. In situ/operando demonstrations of
the system are certainly the next step for the method on the
path to an application breakthrough. However, they would
require more complicated instrumentations and measurement
procedures, e.g., to integrate a test cell instrumented by our
system with an X-ray microscopy that can penetrate the
opaque cell and provide references for our system. This is
a first priority of our future studies and is, therefore, beyond
the scope of the presented work. Future refinements of the
method should include several aspects.

1) Nonstraight sections of the flow field can be monitored
using longitudinal waves exploring acoustic impedance
mismatching at the BPP-water interface [52].

2) Exploring the lower sensitivity limits for droplet
volumes smaller than 50 nL, which will be needed for
PEMFC operation at higher flow rates or dry conditions
[42]. For better resolving such smaller droplets,
further improvements on spatial resolution could be
realized by, e.g., Richardson–Lucy deconvolution-based
ultrasound localization microscopy (ULM) algorithms
[53], and its performance can be further enhanced by
machine learning techniques especially in noisy PEMFC
operating conditions [54].

3) Further in situ experiments should explore different
environmental and operational conditions (EOCs) rel-
evant for technical PEMFCs, e.g., for automobiles
and stationary power plants, where the temperature
fluctuates at minute level or longer around 60 ◦C
[55], [56], and vibrations of BPPs may occur at
tens of hertz [57], [58]. The performance of state-
of-the-art EOC compensation methods, e.g., singular
value decomposition (SVD) combined and K -means
clustering [59], will be comprehensively evaluated using
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large datasets recorded by our system to ensure their
general effectiveness and reliability in real applications.

4) Toward integrating our measurement system with tech-
nical fuel cell systems, compact piezoelectric material-
based interdigitated ultrasonic transducers (IDTs) that
can be permanently installed to the back side of each
flow channel incorporated in BPPs will be further
implemented and optimized toward high sensitivities.
A single cell equipped with such IDTs then serves as
a test unit that can be inserted anywhere in a PEMFC
stack for studying local water evolution behaviors that
may be influenced by the assembly pressure and current
distribution inside the stack.

Our future research will, thus, focus on addressing these
aspects and demonstrating operando water monitoring using
ultrasonic Lamb waves.
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