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Glossary
Mp metric

Strike severity metric based on the pressure time series proposed by Huang et al.
(2025). (p. 24)

Mv metric
Strike severity metric based on the acceleration magnitude time series proposed by
Huang et al. (2025). (p. 24)

2D2C
Two-dimensional, two-component measurement configuration capturing two in-
plane velocity components. (p. 7)

95g-metric
3-axis acceleration magnitude threshold metric proposed in Deng et al. (2010) to
identify severe acceleration events using sensor probes. (p. 3, 4, 22, 24)

BDS Barotrauma detection system: sensor probe developed at the Tallinn University of
Technology (EST). (p. 10, 21, 22, 24)

CFD Computational fluid dynamics: simulates fluid flow and related physical phenomena
using numerical methods on a computer. (p. 29)

CFTT cross-flow tidal turbine (p. 5–7)

EPRI Electric Power Research Institute (p. 17, 20, 33)

FSI Fluid–structure interaction: studies how fluids and solid structures influence each
other’s motion and forces. (p. 1, 2, 4, 8, 11–15, 29)

L/t ratio
Fish length to blade thickness ratio. (p. 17, 20)

MRI Magnetic resonance imaging: a technique that produces images based on the re-
sponse of different materials to strong magnetic fields and radiofrequency waves.
(p. 2)

NACA0018
Symmetric NACA four-digit series airfoil profile with 18%maximum thickness at 30%
chord and zero camber. (p. 7)

ORNL
Oak Ridge National Laboratory (p. 17, 20, 33)

PIV Particle image velocimetry: measures flow velocity by tracking the motion of tracer
particles in a fluid using sequential images. (p. 2, 5–8, 11–15, 29)

RAPID
Robust Autonomous Pressure and Inertial Device: sensor probe developed at the
Tallinn University of Technology (EST). (p. 9, 10, 21, 22, 24, 25)
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RETERO
Project name: "Reduktion von Tierversuchen bei Turbinenpassagen durch Einsatz
von Roboterfischen, Strömungssimulationen und Vorhersagemodellen". Translates
to: Reduction of animal testing in turbine passages through the use of robotic fish,
flow simulations, and prediction models. (p. 16, 17, 29)

RQ1 How can physical models be used to evaluate the complete fluid–structure interac-
tion (FSI) on a hyper-flexible body when only sparse optical input from flow field
measurements is available? (p. 2, 4, 5, 15)

RQ2 How can a standardized experimental platform for simulated turbine blade strikes
be designed to provide precise and repeatable conditions while serving as a broadly
comparable basis for validating sensor-based strike severity metrics used to assess
fish mortality risk in hydraulic machinery? (p. 3, 5, 17)

RQ3 To what extent can existing strike severity metrics applied to different sensor probes
reliably infer blade strike velocity under controlled experimental conditions, and
can a data-driven approach offer a more accurate alternative within the biologically
relevant velocity range? (p. 4, 5, 26)

Sensor Fish
Sensor probe developed at the Pacific Northwest National Laboratory (USA). (p. 10,
21, 22, 24, 25)

SSIM
Structural similarity index: metric that compares two images by sliding a window
across both and computing local statistics (mean, variance, covariance) at each
position, yielding a single score from 0 to 1. (p. 7)

StrikeSense
Project to investigate the use of sensor probes with compliant bodies for strike
velocity prediction of sensor probes. (p. 24, 26, 27)

TSR Tip-speed ratio: Ratio of the tangential velocity at the blade tip to the free-stream
flow velocity. (p. 7)

UNSW probe
Sensor probe developed at the University of New South Wales (AUS). (p. 10, 22, 24)
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1 Introduction

1.1 Background and Motivation

Compact, field-deployable instruments known as sensor probes have become a vital tool in
both research and industry, allowing unobtrusive observations and long-term monitoring
of parameters in locations that are otherwise difficult to access. A common application
is in environmental sensing, where probes are deployed to record quantities such as
temperature, rainfall, or humidity (Chan et al. 2021). The slow temporal variability of these
parameters places minimal demands on the data acquisition system, making low sampling
rates preferable to extend battery life and maximize deployment duration. Other types of
sensors, such as animal-borne movement trackers or probes used to monitor transient
phenomena like seismic activity, require higher sampling rates and durable construction to
withstand physical stress during deployment.

Passive sensor probes used to assess stressor exposure in hydraulic machinery such as
pumps and turbines act as instrumented surrogate bodies that are entrained in the flow
path and record time-resolved signals. These measurements, most commonly pressure,
acceleration and angular velocity, form the basis for evaluating mortality risk for fish during
passage (Carlson and Duncan 2003; Deng et al. 2007; Pauwels et al. 2020). Here, measure-
ments refer to estimations of physical quantities under controlled conditions. Such probes
face particularly demanding requirements, they must be highly robust to withstand harsh
conditions involving high pressures and blade impacts that generate extreme accelerations,
while simultaneously operating at sufficiently high sampling rates to capture these transient
events with adequate fidelity. At the same time, they must approximate the size and shape
of juvenile fish, typically around 15 cm in length, to represent the life stage most likely to
encounter such hazards during downstream migration, as in salmon. Constraints on size
and power consumption favor compact, low-power sensors with limited bandwidth and
dynamic range, leading to sparse, noisy, or partially corrupted data that fail to capture the
fast dynamics of FSI.

Here, sparsity denotes limited observability from low-dimensional measurements. In the
cases studied in this thesis, this manifests in distinct ways: in the hydrofoil application, the
body shape must be inferred from tracer particles whose local density can drop below 300
particles per 100 px × 100 px in separated flow regions, providing only partial coverage of
the body boundary. In the strike severity application, accelerometers sampling at 2048Hz
capture as few as two to four data points during impact events lasting less than 2ms, while
probes with lower sampling rates of 100 – 400Hz may record only a single sample or miss
the peak entirely.

Model-based inference, which in this work refers specifically to the estimation of unmea-
sured forces from measured kinematics by inverting a prescribed mechanical model of the
system response, offers a way to overcome these limitations by reformulating the problem
as a physics-constrained inverse problem. As force cannot practically be measured directly,
reliably observable kinematic quantities are recorded and used together with governing
physical equations or data-driven surrogate models to infer the underlying loads. The relia-
bility of these inferred quantities depends strongly on the integrity of the available data,
as saturated or undersampled signals can produce biased, truncated, or highly variable
estimates.
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This dissertation examines three cases in which insufficient or degraded measurements
are compensated by reformulating the task as a physics-constrained inverse problem. In
each case, a limited set of observable kinematic or geometric quantities is combined with
governing mechanical models to reconstruct stressor exposure, deformation, or inter-
faces. While the applications differ, all contributions follow this shared inverse-modeling
framework.

Three specific research gaps motivate the investigations presented in this thesis, each
corresponding to a distinct application domain but unified by the challenge of extracting
reliable information from incomplete measurements.

1.1.1 Simultaneous Flow Measurement and Deformation Tracking

The first research gap lies in the field of experimental fluid dynamics, specifically in the
investigation of flow fields using particle image velocimetry (PIV). In this technique, tracer
particles are seeded into the fluid, illuminated within a plane and their displacements be-
tween consecutive image frames are used to compute the velocity field. The experimental
case focuses on a highly flexible hydrofoil that cannot be directly distinguished from the
surrounding flow in optical images and is only detectable through the deflection of the
surrounding tracer particles. In PIV analysis, a structure distorts the flow velocity measure-
ments in its immediate vicinity, making it essential to mask the hydrofoil body. While for
rigid bodies this mask can often be derived from single-point measurements and known
geometry, the study of flexible bodies, which involves the coupled interaction between
the structure and the surrounding flow, known as FSI, requires a different approach, as
single-point measurements are no longer sufficient.

Using the existing camera images for both masking and deformation estimation, without
requiring additional deformation-specific measurement hardware, is strongly preferred
because it greatly simplifies the experimental setup. However, this introduces a complex
image segmentation challenge. While extensive research has been conducted on segmen-
tation for gas–liquid interfaces (Cardwell et al. 2011; Gui et al. 1997; Dussol et al. 2016;
Jeon and Sung 2011; Weheliye et al. 2012; Sanchis and Jensen 2011), these methods have
not yet been extended to the segmentation of flexible solid bodies within a flow field.
Instead, alternative solutions have been developed that rely on external measurement
systems, including stereoscopic camera setups with surface markers (Tregidgo et al. 2013;
Nikoueeyan and Naughton 2018; Fatiha et al. 2019), laser line scanners (Ducoin et al. 2012;
Kalmbach and Breuer 2013; Akcabay et al. 2014), or even magnetic resonance imaging
(MRI)-based approaches (Hessenthaler et al. 2017).

Developing a method that enables the use of a single-camera setup for PIV analysis of
flexible bodies would provide substantial benefits to the research community by simplifying
experimental setups and simultaneously yielding data on both the structural response of
the body and the surrounding flow. This integrationwould allow deformationmeasurement
andmask generation to be achieved in a single step. This leads to the first research question:

RQ1: How can physical models be used to evaluate the complete FSI on a hyper-flexible
body when only sparse optical input from flow field measurements is available?

2



1.1.2 Design and Construction of an Experimental Blade Strike Rig

The second research gap is concerned with the investigation of blade strike mortality in fish
passing through hydraulic turbines and pumps. The current standard for quantifying this
risk relies on live fish tests conducted at specific sites, yet these experiments provide only
cumulative mortality outcomes that indicate survival or death. As a result, they are limited
to site- and operation-specific conditions and offer little insight into the mechanisms of
injury. Passive in-stream sensor probes have been developed to overcome this limitation,
but despite their widespread use, the existing models that link probe measurements to
strike severity remain unvalidated (Kösters et al. 2025a).

This lack of validation may be attributed to the difficulty of creating repeatable strike
conditions within turbines. It is challenging to ensure that a sensor probe experiences
identical impact conditions in successive strikes or to precisely characterize key parameters
such as the relative strike velocity, which represents the difference between the blade
speed and the velocity of the entrained probe within the turbine or pump. Drawing
inspiration from barotrauma research, where both fish and sensor probes were subjected
to identical isolated stressors to establish injury thresholds (Brown et al. 2012), progress in
this area would require comparable strike tests on both sensors and live fish. Fortunately,
such live fish strike experiments have already been conducted (Hecker et al. 2007; Saylor
et al. 2020a) and preliminary tests using a biomimetic probe have also been reported
(Saylor et al. 2021). However, no further research has since been carried out to validate or
refine strike severity models.

One likely reason is the lack of suitable experimental facilities. Only two turbine blade
strike rigs have been built in the past twenty years, both located in the United States
(Hecker et al. 2007; Bevelhimer et al. 2019), with a recent additional design developed in
China (Meng et al. 2022). These rigs are labor intensive to operate because they rely on
open-loop control systems that require iterative recalibration whenever test conditions
such as strike velocity are changed. To advance sensor-based strike severity modeling,
the research community would greatly benefit from a standardized strike rig design that
incorporates closed-loop velocity control and provides openly accessible design data and
documentation. Such a setup would eliminate the need for iterative calibration, ensure
repeatable impact conditions and enable consistent validation across laboratories. This
leads to the second research question:

RQ2: How can a standardized experimental platform for simulated turbine blade strikes be
designed to provide precise and repeatable conditions while serving as a broadly compara-
ble basis for validating sensor-based strike severity metrics used to assess fish mortality
risk in hydraulic machinery?

1.1.3 Evaluation of Strike Severity Metrics Derived from Sensor Probe Measurements

The third research gap concerns the missing validation of current strike severity metrics
for passive in-stream sensor probes and the limited understanding of how sensitive these
probes are to strike velocity, as well as how their responses compare across different probe
designs. The 95g-metric is currently the most widely used strike severity metric (Knott
et al. 2023; Martinez et al. 2019a; Deng et al. 2010; Fu et al. 2016; Martinez et al. 2019b;
Salalila et al. 2019). It classifies acceleration events as either collision or shear flow events

3



based on event duration and further grades their severity by acceleration magnitude, with
accelerations between 25 – 50 g considered slight, between 50 – 95 g considered moderate
and equal to or above 95 g classified as severe (Deng et al. 2010). In practice, however, most
studies have used only the 95 g threshold to distinguish severe events from non-severe
ones.

The original validation of this metric was performed using biological threshold tests on
juvenile Chinook salmon (Oncorhynchus tshawytscha) that were exposed to turbulent
shear flow created by water jets, while their body accelerations were recorded with a
high-speed camera (Richmond et al. 2009). Sensor probes were then subjected to the
same conditions. Although these thresholds were derived under shear flow exposure, they
were later adopted to describe collision events in the 95g-metric without further validation
(Deng et al. 2010). More recently, the same research group introduced a revised metric
that, after filtering for events above 95 g, analyzes either the pressure or acceleration time
series to infer strike severity (Huang et al. 2025). The calibration of this updated metric
was performed by comparing sensor data with live fish test results obtained at the same
site, yet no validation of the method has been reported.

This reveals a clear research gap: although strike severity metrics are widely used to
interpret sensor probe data, none have been validated under controlled strike conditions.
Furthermore, the relationship between accelerationmeasurements obtained fromdifferent
sensor probe designs has not been established, making it difficult to compare results across
studies. The sensitivity and variance of sensor probe measurements to strike velocity is
also unknown, preventing any meaningful assessment of measurement uncertainty. Finally,
the adequate sampling rates and dynamic ranges required to accurately capture strike
events have not yet been defined, even though establishing these parameters would
greatly accelerate the development of improved sensor probes by clarifying the necessary
technical specifications. This leads to the third research question:

RQ3: To what extent can existing strike severity metrics applied to different sensor probes
reliably infer blade strike velocity under controlled experimental conditions, and can a
data-driven approach offer a more accurate alternative within the biologically relevant
velocity range?

1.2 Research Questions

The problem addressed in this thesis is that physically relevant quantities in hydraulic
fluid–structure interaction systems, specifically structural deformation, flow-field geometry
and blade strike severity, cannot be measured directly with available sensor hardware
and the metrics currently used to infer them from indirect measurements have not been
validated under controlled conditions. Solving this problem requires both novel physics-
constrained reconstruction methods and controlled experimental platforms that enable
their evaluation.

This challenge is addressed through the following research questions:

RQ1 How can physical models be used to evaluate the complete FSI on a hyper-flexible
body when only sparse optical input from flow field measurements is available?
Answered by Publication II (section A.2), see fig. 2 for a summary. The method
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addressing this question was first applied in Publication I (summarized in fig. 1) to
enable PIV processing of a cross-flow tidal turbine (CFTT) with highly flexible blades
and was subsequently formalized and evaluated as a standalone contribution in
Publication II, which therefore serves as the basis for answering this research question.

RQ2 How can a standardized experimental platform for simulated turbine blade strikes
be designed to provide precise and repeatable conditions while serving as a broadly
comparable basis for validating sensor-based strike severity metrics used to assess
fish mortality risk in hydraulic machinery?
Answered by Publication III (section A.3), see fig. 3 for a summary.

RQ3 To what extent can existing strike severity metrics applied to different sensor probes
reliably infer blade strike velocity under controlled experimental conditions, and can
a data-driven approach offer a more accurate alternative within the biologically
relevant velocity range?
Answered by Publication III (section A.3) & IV (section A.4), see fig. 3 and fig. 4 for a
summary.

1.3 Structure of the Thesis and Contributions

The main content of this dissertation is organized into chapters that address each of the
three key research questions and their associated contributions.

Section 2 addresses RQ1, investigating how high-speed recordings acquired for velocity
field measurements around a highly flexible hydrofoil can also be used to reconstruct the
foil’s shape. This enables both the analysis of the coupling between the flow field and
the hydrofoil’s deflection and the generation of a body mask required for the flow field
investigation. The principal challenge lies in the fact that the hydrofoil is not directly visible
and can only be inferred through the deflection of sparsely seeded tracer particles. In
addition, the wake region contains fewer visible tracers and the trailing edge of the foil
undergoes rapid, transient changes in deflection angle during vortex shedding events.

Section 3 focuses on the development of an experimental setup capable of performing
simulated turbine blade strikes on passive in-stream sensor probes. These probes are used
to investigate the hydraulic conditions and collision events occurring within hydroturbines
that contribute to fish injury and mortality. Although strike severity metrics have been
proposed for such sensors, they have not been validated, even though they are widely used
to estimate fish mortality. To evaluate the validity of these metrics, controlled strike exper-
iments on sensor probes must be conducted to establish dose–response relationships that
can be compared with those obtained from live fish experiments. No such validation study
has yet been performed, likely due to the high entry barrier associated with constructing
a suitable experimental rig. By designing, building and freely publishing all design files,
this work aims to close that gap, facilitating metric validation and improving the quality of
future sensor probes and strike severity models.

Section 4 uses the developed experimental strike rig to conduct such an investigation of
existing strike severitymetrics, comparing the results with biological dose–response studies
and analyzing the sensitivity of the metrics to strike velocity, which has been identified as
the primary factor influencing strike mortality. Four state-of-the-art sensor probe designs
were tested under identical conditions to evaluate their mutual comparability. Such cross-
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comparability has not previously been established, which has limited the interpretability
of results across studies employing different probe designs. The insights gained from these
experiments enabled the formulation of concrete recommendations for future hardware
improvements.

The contributions to the respective research fields presented in this dissertation are derived
from two first-author publications and one submitted manuscript:

Contribution I
Introducing a physics-informed method that simultaneously generates hydrofoil
masks and retrieves deformation directly from PIV image data, enabling integrated
fluid–structure interaction analysis of highly flexible structures.
The method was first applied in Publication I (section A.1 summarized in fig. 1) to
enable the PIV analysis of a CFTT with highly flexible blades, where it served as an
essential component of the experimental workflow. Publication II (section A.2) then
formalized, evaluated and documented the method itself. Because Publication II
subsumes the methodological content of Publication I, only Publication II is used to
describe the contribution in section 2.

Contribution II
Developing and openly sharing a standardized experimental setup for precise and
repeatable simulated turbine blade strikes, enabling systematic validation and re-
finement of sensor-based strike severity metrics for assessing fish mortality.
Emerged from Publication III (section A.3), described in section 3 and summarized in
fig. 3.

Contribution III
Demonstrating the shortcomings of established strike severitymetrics acrossmultiple
sensor probes and releasing an open-access dataset from controlled blade strike
experiments to support the future development of more accurate and reliable
metrics.
Emerged from Publication III (section A.3) & IV (section A.4), described in section 4
and summarized in fig. 3 and fig. 4.

Finally, the conclusions, limitations, future perspectives and closing remarks are presented
in section 5. The publications are included in section A, with additional publications listed
to demonstrate practical applications and the broader impact of this research beyond the
primary scope of the thesis.
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Publication I (Contribution I)

Objective
Investigate the influence of highly flexible blades on the flow field of a CFTT
at the blade level, using an oscillating hydrofoil surrogate model in a water
tunnel. The study aims to characterize the passive flow control mechanism
achieved through blade flexibility by comparing the flow fields around rigid
and flexible NACA0018 hydrofoils undergoing forced pitch oscillations repre-
sentative of a CFTT operating at tip-speed ratio (TSR) of λ = 2 and solidity
σ = 1.5, conditions that induce deep dynamic stall.

Materials & Methods
Experiments were conducted in a closed-loop water channel at the LEGI
labs in Grenoble with a test section of 1000mm × 175mm × 280mm and an
inlet velocity of 3.5m s−1. A NACA0018 hydrofoil with 66mm chord length
(Re≈ 250,000) was pitched sinusoidally at 2.25 Hz following the angle-of-
attack trajectory of a single CFTT blade at a TSR of λ = 2. Flexible hydrofoils
were constructed asmulti-material compoundswith a rigid aluminum leading
edge and a carbon-fiber composite skeleton embedded in silicone. Time-
resolved 2D2C PIV at 4 kHz was performed using two continuous lasers
and a high-speed camera (1280 × 800px). Raw data were processed with
the open-source toolbox fluidimage and validated against the commercial
software DaVis. An adaptive masking algorithmwas developed to handle the
simultaneously moving and deforming structure. Flow field periodicity was
quantified using the structural similarity index (SSIM) between instantaneous
and phase-averaged velocity fields across 9 oscillation periods.

Results
The rigid hydrofoil exhibited deep dynamic stall with flow separation onset
at a pitch angle of α = 24° on the upstroke and maximum wake extent at
α = 27° on the subsequent downstroke and flow reattachment delayed
until α = −6° due to pronounced hysteresis. The flexible hydrofoil showed
significantly reduced wake size and shortened periods of flow separation,
attributed to structural adaptation that passively controls the flow through
profile deformation. A chordwise flapping effect was observed during vortex
shedding. The SSIM analysis revealed that the flexible hydrofoil produced
substantially more periodic flow fields (mean SSIM of 0.953±0.02) com-
pared to the rigid reference (mean SSIM of 0.893±0.04), indicating reduced
chaotic wake behavior. The average velocity difference between the open-
source and commercial PIV codes was approximately −0.02m s−1, less than
1% of the mean flow speed.

Contribution
I developed the masking software and its methodology, created the PIV
processing setup scripts and performed the processing of the data. I was not
involved in designing the experiment, acquiring the raw data, or supervising
the study.

Figure 1: Summary of Publication I (Hoerner et al. 2021): “Cross-Flow Tidal Turbines with Highly
Flexible Blades—Experimental Flow Field Investigations at Strong Fluid–Structure Interactions”.
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Publication II (Contribution I)

Objective
Develop a physics-informed, camera-based workflow that uses high-speed
video frames acquired for PIV to simultaneously generate two outputs: a
time-resolved hydrofoil mask required for the flow-field analysis and the
cross-sectional deformation of a highly flexible hydrofoil. Because the hydro-
foil is dark-coated and not directly visible in the images, its shape is inferred
indirectly from the deflection of illuminated tracer particles in the surround-
ing flow. The method incorporates Euler–Bernoulli beam theory kinematics
together with the known hydrofoil geometry to infer deformation without
requiring an additional measurement system, thereby avoiding interference
with the flow field analysis in conditions where tracer density is low and
signal-to-noise ratio is poor.

Materials & Methods
Experimental data captured in a closed water channel using a hydrofoil with
a rigid leading edge and a flexible trailing section at Re≈ 2 × 105 – 2.5 × 105
was used in this study. The hydrofoil was subjected to forced pitchingmotions
of±30° that induced dynamic stall. Recordings were obtained at 4000Hz.
A kernel-based image processing pipeline provided an initial segmentation
whichwas refined using a beambendingmodel, fromwhich bodymaskswere
generated. The robustness of the algorithm beyond the experimental setup
was assessed with synthetic data spanning different tracer densities and
including a case where the spatial distribution represented a flow separation
event. Final validation under experimental conditions was carried out with
a rigid hydrofoil, for which the true position could be determined from
motor feedback and compared with the predictions of the developed image
recognition method.

Results
We validated our physics-informed image segmentationmethod on synthetic
and experimental datasets and found that it reliably reconstructs hydrofoil
deformation while simultaneously enabling flow field measurement from a
single image source. On synthetic data, the method maintained robustness
across seed densities of 200 – 750 particles per 100 px × 100 px, yielding a
mean angular error measured between determined and real profile chord
line of approximately 1°. Applied to rigid foil experiments, the mean absolute
angular error was 0.84°, with an increase to 2° under static stall conditions.
Overall, the results demonstrate that augmenting kernel-based image fil-
tering with Euler–Bernoulli beam theory enables simultaneous and reliable
measurement of flow fields and structural deformation within a single ex-
perimental framework.

Contribution
I developed the methodology, implemented and validated it using synthetic
data for which I also created the methodology and supporting software,
visualized the results and wrote the original draft, followed by review and
revision. I was not involved in designing or setting up the experiment or
collecting the data.

Figure 2: Summary of Publication II (Kösters and Hoerner 2023): “Simultaneous flow measurement
and deformation tracking for passive flow control experiments involving fluid–structure interactions”.
The method was first applied in Publication I (section A.1), as described in section 2.
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Publication III (Contribution II & III)

Objective
This study introduces and validates an open-access laboratory strike rig with
electronically controlled blade velocity, providing a reproducible platform
for simulating turbine blade strikes on both fish and sensor probes. The
objective is to establish standardized experimental conditions for assessing
injury andmortality risks and for testing the reliability of sensor-probe-based
strike severity metrics.

Materials & Methods
The strike rig was realized as a motor-driven linear motion system with
closed-loop servo control, enabling strike velocities between 1 – 10m s−1.
The design was benchmarked against earlier blade strike simulators and
all construction files, data processing routines and the strike protocol are
released as open-access resources. As a demonstration case, strikes were
performed on the RAPID, a sensor probe that records three-dimensional
acceleration up to 300 g per-axis at 2048Hz, to evaluate the widely used
95 g acceleration threshold, which defines a severe acceleration event for
fish as one exceeding this value.

Results
The rig achieved accurate and repeatable velocity control with precision
more than an order of magnitude higher than that of blade strike rigs used
in previous biological threshold tests, substantially improving upon earlier
designs in both accuracy and usability. Tests with the sensor probe showed
that even strikes at only 1m s−1 produced peak accelerations greater than
95 g, contradicting biological studies that report measurable mortality rates
in the tested fish species beginning only at strike velocities of approximately
4m s−1 and above. These findings demonstrate that the 95 g acceleration
criterion does not reliably reflect biological risk and acceleration thresholds
alone are unreliable indicators of strike severity. Controlled rig experiments
are necessary to develop and validate inference models linking sensor data
to biological outcomes.

Contribution
I designed the strike rig, organized material procurement, built and validated
the setup with respect to precision and variability of the achieved strike
velocities, conducted the experiments, managed data collection and curation,
developed the processing software, prepared visualizations and wrote the
original draft, followed by review and revision.

Figure 3: Summary of Publication III (Kösters et al. 2025a): “An open laboratory blade strike rig to
evaluate the risk of injury and mortality to fish and to test passive sensors”. The contribution is
described in detail in section 3.
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Publication IV (Contribution III)

Objective
This study assesses the capability of established and newly proposed sensor-
based strike severity metrics to infer relative blade strike velocity within
the biologically relevant range for fish mortality and compares the perfor-
mance of different sensor probes to examine the cross-comparability of their
measurements. In addition, it investigates a data-driven approach as an
alternative for improving the inference of blade strike velocity.

Materials & Methods
Experiments were conducted using the strike rig described in Publication
III. Four sensor probes (Sensor Fish, RAPID, UNSW probe and BDS) were
subjected to 30 strikes each. The Sensor Fish and RAPID record accelerations
up to 200 g and 300 g per axis at 2048Hz, while the UNSW probe and BDS
have dynamic ranges of 16 g at 400Hz and 250Hz respectively. Strikes began
at 1m s−1 and continued until probe failure. Acceleration and pressure signals
were analyzed with three metrics designed to estimate strike severity from
sensor data and evaluated by their sensitivity to blade strike velocity, as
biological threshold studies identified blade strike velocity as the dominant
contributor to mortality due to collisions (Saylor et al. 2020b). For the data-
driven approach, a Gaussian naïve Bayes classifier was trained on tri-axial
acceleration time series to predict strike velocity classes.

Results
All three metrics exhibited saturation between 3 – 4m s−1, which prevented
reliable discrimination between strikes associated with negligible mortality
at 4m s−1 and those causing near-complete mortality at 10m s−1. Measure-
ments from the tested sensor probes differed substantially, indicating that
metrics must be adapted to the specific probe system. The data-driven clas-
sifier predicted relative blade strike velocities over the range 1 – 10m s−1 with
reasonable accuracy under laboratory conditions, although its transferability
to turbine environments remains uncertain. The findings demonstrate that
current metrics are unsuitable for field deployment and suggest that future
probe designs may require either enhanced sampling rates and dynamic
range or flexible bodies that prolong the duration of impact events.

Contribution
I co-developed the methodology, carried out the experiments, improved the
data processing software from the previous study, curated and analyzed the
data, created visualizations and wrote the original draft, followed by review
and revision. The machine learning model, along with the corresponding
text and figures in the manuscript, was developed by another contributor.

Figure 4: Summary of Publication IV (Kösters et al. 2025b): “Sensor Probes for Fish Passage Safety”.
The contribution is described in detail in section 4.
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2 Contribution I: Camera-Only Reconstruction of Flexible Hy-
drofoil Kinematics with Explicit Validity Bounds

This chapter presents a physics-informed, camera-only method that simultaneously recon-
structs hydrofoil deformation and generates body masks from PIV image data, eliminating
the need for dedicated external measurement hardware.

PIV is an optical measurement technique widely employed to resolve instantaneous flow
fields by seeding the fluid with tracer particles and recording their motion under laser
illumination using high-speed cameras, yielding velocity vector fields such as those shown in
fig. 6. The velocity field is reconstructed through cross-correlation of particle displacements
between successive frames, which requires homogeneous seeding within the phase of
interest. When additional phases or solid bodies such as hydrofoils or bubbles are present,
they introduce spurious vectors in and around the phase, thereby corrupting the velocity
field. Masking is therefore essential to remove non-seeded regions prior to correlation,
ensuring that only true particle displacements contribute to the velocity calculation.

The state of the art in masking such regions can be divided into two methodological
families. The first employs dedicated hardware operated alongside the PIV system to
track deformation. While capable of providing accurate deformation measurements, this
approach requires additional specialized equipment. Examples include laser line profiling
(Ducoin et al. 2012; Kalmbach and Breuer 2013; Akcabay et al. 2014), which yields precise
one-dimensional surface reconstructions, photogrammetry, where multiple cameras track
body markers to reconstruct the three-dimensional shape of the body (Tregidgo et al. 2013;
Nikoueeyan andNaughton 2018; Fatiha et al. 2019) and structured light techniques (Hoerner
and Bonamy 2019). However, these methods involve complex setups, post-processing, or
incompatibility with PIV when reflective surfaces are required.

The second family of methods applies image segmentation directly to PIV frames, a strategy
extensively studied for bubble flows (Gui et al. 1997; Cardwell et al. 2011; Sanchis and Jensen
2011; Jeon and Sung 2011; Weheliye et al. 2012; Dussol et al. 2016). Bubble segmentation
is facilitated by their bright reflective boundaries, which appear as luminous regions in
images, while the gas–liquid interface is difficult to resolve through external measurement
techniques. At the time of Publication III, however, this approach had not been transferred
to masking solid bodies, where the problem is fundamentally different. Bodies are coated
with non-reflective paint to prevent optical interference with PIV, rendering them nearly
invisible except for the deflection of tracer particles, posing a challenge to a computer
vision system akin to the Kanisza triangle, shown in fig. 5a. This challenge is compounded
by non-uniform tracer seeding from flow separation and unavoidable internal reflections
of the body.

The contribution of this work is the development of a camera-only solution in a PIV applica-
tion field that has traditionally relied on external measurement setups for mask generation.
By adapting morphological filtering techniques originally developed for bubble segmenta-
tion (Dussol et al. 2016) and embedding them within a physics-informed beam bending
model, the method enables body masks to be generated directly from PIV frames. This
approach not only provided accurate masking of the highly flexible hydrofoil but also,
through the incorporation of structural physics, allowed two-way coupled FSI analyses of
fluid flow and structural deformation. This capability is of particular importance for the
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study of highly flexible structures which undergo large deformation.

The practical need for thismethod arose during the investigation of cross-flow tidal turbines
with highly flexible blades, reported in Publication I (Hoerner et al. 2021). In that study,
I developed and applied the masking software to enable PIV processing of the turbine
flow field, which required accurate identification of the deforming blade at each time
step. This application demonstrated the utility of the approach but also revealed the need
for a formal validation framework, which motivated the systematic study presented in
Publication II.

(a) (b)

(c) (d)

Figure 5: (a): Kanizsa triangle illustrating the segmentation challenge — clearly perceived by humans
but difficult for computer vision to detect. (b): Processing workflow from high-speed image with
enlarged tracer particles (first panel), through mean line extraction and beam model with third-
degree polynomial deformation (second panel; orange/blue: flexible/rigid regions; black dot: pitching
pivot), to PIV mask extended toward the trailing edge for three-dimensional deformation (third
panel). (c): Reconstruction combining undeformed geometry with the deformed mean line via surface
normals. Deformation reduces the effective angle of attack, defined relative to the fluid velocity
vector. (d): Effective angle of attack used as response variable for FSI evaluation.

2.1 Results & Discussion

The developed method first stacks consecutive image frames to increase tracer particle
density, then applies kernel-based image processing to segment the hydrofoil by exploiting
the difference in illumination density between the foil body and the surrounding fluid. From
the segmented body, a mean line is extracted and fitted using an Euler–Bernoulli beam
model that assumes a third-degree polynomial bending characteristics from a distributed
pressure load, thereby smoothing the mean line, as shown in fig. 5b. To reconstruct the
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Figure 6: Combined FSI and PIV analysis from a single image source, showing the deformed foil body
together with the surrounding deviation of the mean fluid velocity. A hypothetical rigid blade, shown
in orange, is compared with the flexible blade, shown in blue, to illustrate the extent of deformation.
The numbers 1 to 6 in the graph correspond to the images displayed above and below. Due to
deformation, the effective pitch angles of the flexible blade remain below those of the rigid blade
and between images 2 and 4 a flapping motion is observed that results from low pressure associated
with the dynamic stall event. Reprint from Kösters and Hoerner (2023).
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body geometry, surface normals are computed along the undeformed mean line of the
original geometry and then applied to the deformedmean line, yielding the deformed body
shape illustrated in fig. 5c. The resulting deformation causes a reduction in the effective
angle of attack, which was used both as a response variable in subsequent FSI analysis and
as a measure of the method’s performance. This angle, defined as the inclination between
the leading and trailing edges relative to the fluid velocity vector, is shown in fig. 5d.

Figure 7: Error as a function of uniform tracer density estimated from synthetic data. The effect
of summation kernel size is shown: a diameter of 30 performs better at low tracer density, while
smaller kernels perform better at high seeding. Below, raw images and corresponding segmented
foil outlines are shown for different kernel diameters and seeding densities. Red arrows mark the
average tracer densities observed in experiments for attached and detached flow. Tracer particles
are visually enlarged for clarity.

The results demonstrate that a physics-constrained segmentation of single camera PIV
frames can recover the neutral axis and produce masks with sufficient fidelity to enable
simultaneous flow and deformation analysis as shown in fig. 6, as validated through
synthetic benchmarks and two experimental cases. Furthermore, the method was an
essential component in a subsequent, more detailed FSI investigation, in which I performed
the PIV postprocessing using the described approach (Hoerner et al. 2021), included among
the additional publications in section A.1. On synthetic images, the algorithm maintained
high accuracy across a wide range of seeding densities when the kernel diameter was
appropriately chosen, as quantified by intersection over union and root mean square
error. The error in angle of attack, defined as the angle between the leading and trailing
edges, was close to one degree. This performance reflected a tradeoff between summation
window size and particle density, as illustrated in the bottom of fig. 7, where the effect
was systematically evaluated using synthetic data. Stacking consecutive frames improved
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segmentation by increasing tracer density, though at the cost of temporal resolution
proportional to the number of frames stacked. In a rigid foil validation with active pitching
between±30 deg, where the body could be fully reconstructed from the pitching angle
and the known geometry, the mean absolute error of the angle was approximately 0.84°,
with a periodic bias that grew under detached flow and increased internal reflections.
Under the worst case of static stall conditions, the error increased to about 2°. Although
this is higher than the accuracy achieved by the structured light method applied tomeasure
the deformation of highly flexible hydrofoils in the same setup, this approach relies on
projecting light onto the surface and therefore requires a separate experimental setup
that is incompatible with PIV measurements.

2.2 Conclusions

This work was able to give an answer to RQ1: How can physical models be used to eval-
uate the complete FSI on a hyper-flexible body when only sparse optical input from flow
field measurements is available? by introducing a camera-only masking approach for de-
formable bodies in recordings intended for PIV analysis, eliminating the need for dedicated
external measurement systems traditionally used to obtain structural deformation data.
By adapting morphological image filtering techniques originally developed for multiphase
flow segmentation and embedding them within a physics-based beam bending model, the
method enables robust mask generation directly from single-camera frames. The results
demonstrated that the proposed physics-constrained segmentation can accurately recover
the neutral axis of a flexible hydrofoil and produce masks of sufficient fidelity to perform
simultaneous FSI analyses from a single image source. Validation against synthetic bench-
marks and controlled experiments confirmed that the method maintains high accuracy
across a broad range of seeding densities, with angular errors on the order of one degree
under dynamic motion and approximately 2° under especially challenging static stall condi-
tions. While its accuracy is lower than systems with dedicated deformation-measurement
hardware, with a mean angular error of 0.84° compared to 0.01° for a reference system,
the presented method requires no additional hardware and remains fully compatible with
PIV operation. It therefore provides a simple way to simultaneously measure the structural
deformation of flexible hydrofoils and the surrounding flow field with a single measure-
ment, helping with the analysis of FSI experiments, soft actuation or flexible underwater
robotics.
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3 Contribution II: An Open, Standardized Laboratory Platform
for Reproducible Blade Strike Experiments

This chapter describes the design, construction and validation of an open-access strike rig
that delivers reproducible simulated turbine blade strikes, enabling systematic evaluation
of sensor-based strike severity metrics.

Hydropower plays a central role in renewable electricity generation by providing both
base-load supply and grid stabilization, compensating for fluctuations in the output of
other renewable sources (Vagnoni et al. 2024). However, it exerts substantial ecological
pressure on river systems by fragmenting habitats and causing injury or mortality to fish
that pass downstream through turbines, where a meta-analysis of 295 experiments from
Europe and North America involving more than 275,000 fish reported an average mortality
rate of 22% per turbine (Radinger et al. 2022). Because individual fish often encounter
multiple turbines during migration, cumulative mortality may surpass species replacement
rates, potentially leading to local population collapse (Van Treeck et al. 2021).

Although the European Union’s Water Framework Directive requires Member States to
maintain or restore river continuity as part of achieving good ecological status (The Euro-
pean Union 2000), current assessment standards continue to rely on live fish experiments
as reflected in the Dutch Norm (Nederlandse Norm 2020) and a European standard which
is underway (Deutsches Institut für Normung 2024). These experiments are costly and
ethically problematic as they require exposing fish to extremely hazardous conditions,
illustrated by a remark in the methodology of one such study noting that “in the case of
decapitated or incomplete individuals, the number of fish was determined only by counting
the number of heads” (Pauwels et al. 2024).

To address these limitations, researchers have developed computational models and pas-
sive in-stream sensor probes that record pressure, acceleration and rotation to characterize
hydraulic conditions and infer strike severity (Carlson and Duncan 2003; Deng et al. 2007;
Deng et al. 2014; Salalila et al. 2019; Pauwels et al. 2020; Saylor et al. 2021; Cox and Felder
2025; Salalila et al. 2025). However, the strike severity metrics used have not been directly
validated against field observations of injury or mortality in live fish.

A commonly applied criterion, the 95 g threshold , designates accelerations above this
threshold as indicative of severe acceleration events caused by collisions such as blade
strikes or shear flow (Deng et al. 2010). However, while validated for shear-induced injuries
in biological threshold studies (Richmond et al. 2009), this metric requires field validation,
primarily due to the difficulty of reproducing controlled strike conditions in operational
settings. To close this gap, we developed the RETERO strike rig, an open, electronically
controlled laboratory platform capable of delivering reproducible simulated blade strikes
at velocities between 1 – 10m s−1, shown in fig. 8. The design builds upon earlier strike rigs
originally developed for live fish experiments, enhancing their functionality and precision
while preserving sufficient similarity to ensure comparability between sensor-based and
live fish strike experiments. In addition, we introduced a standardized strike protocol for
sensor probe testing to enable consistent and reproducible experimental studies using the
strike rig in future research.

Furthermore it can serve for the development of dose–response models for European fish
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species, complementing existing data that to date concern only North American species. As
all design files, rationale and cost estimates are openly accessible and detailed in Publication
III (section A.4) (Kösters and Efimov 2025), the rig substantially lowers the entry barrier
for conducting such studies. Consequently, it has the potential to expand the range of
tested fish species, promote the design of more fish-friendly turbine blades and enhance
the accuracy of sensor-based strike severity metrics, ultimately reducing reliance on live
fish testing in the assessment of turbine-related mortality.

Additionally, we examined whether linear and rotary strikes yield comparable mortality
outcomes in order to assess the comparability of strike-rig tests with live fish tests con-
ducted on rotary strike rigs. To this end, we compared published live fish strike data for
rainbow trout (Oncorhynchus mykiss) from Electric Power Research Institute (EPRI) (Amaral
and Hecker 2008) and Oak Ridge National Laboratory (ORNL) (Saylor et al. 2020a) under
overlapping conditions of fish length to blade thickness ratio (L/t ratio) and strike velocity.

3.1 Results & Discussion

The RETERO strike rig uses a servo-driven linear motion system with closed-loop control to
set and maintain blade velocities between 1 – 10m s−1 and to actively compensate for the
brief deceleration that occurs upon impact. This control strategy reproduces the behavior
of a blade with substantially higher mass. The closed-loop design allows the blade strike
velocity to be specified directly, representing an improvement over previous systems that
required iterative calibration for each combination of blade and velocity. An overview of
the trajectories across the entire velocity range is presented in fig. 9. These trajectories
correspond to standard trapezoidal profiles in the time domain. The rig achieves highly
repeatable blade strike velocities across the tested range of 1 – 10m s−1 with a maximum
coefficient of variation of 0.12%, which is more than an order of magnitude lower than
in earlier designs. Safety features are integrated into the setup, including a full enclosure
and a hatch that permits operation only when securely closed. A clearance of 1m from the
ground enables the use of cameras with cost-effective lenses to record the strike event
from below. Using existing biological threshold data for rainbow trout (Oncorhynchus
mykiss) obtained from both rotary and linear strike rigs, we demonstrated that differences
between rotary and linear strikes have no measurable effect on mortality outcomes. This
was shown by comparing mortality rates across three overlapping experimental cases,
which exhibited only minor discrepancies when controlling for L/t ratio and strike velocity,
as summarized in fig. 10a and illustrated in fig. 10b. This result confirms that strike events
in rotary machinery can be reliably approximated using linear blade strike experiments.

3.2 Conclusions

This contribution directly addresses RQ2: How can a standardized experimental platform
for simulated turbine blade strikes be designed to provide precise and repeatable conditions
while serving as a broadly comparable basis for validating sensor-based strike severity
metrics used to assess fish mortality risk in hydraulic machinery? by introducing and
validating a strike rig that replicates the experimental conditions of previous biological
threshold studies and thereby enables the validation and further development of sensor-
based blade strike severity metrics. It also facilitates continued refinement of sensor
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Figure 8: Rendered model of the strike rig with labeled components. During operation, the blade
moves linearly from left to right and impacts the sensor probe mounted in the holder. To reduce
drag and splashing, only the blade is submerged. At the end of its stroke, the blade decelerates to
a predefined stop position governed by the servocontroller software. For safe handling, all moving
parts are enclosed by acrylic glass, with an access hatch provided for inserting and removing sensor
probes. The overall setup measures 3.84m × 0.72m × 2.61m (length × width × height), while the
basin itself is 3.04m × 0.58m × 0.69m. Below, a labeled photograph illustrates the sensor probe
placement before a strike. Reprint from Kösters et al. (2025a).
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Figure 9: Blade velocity trajectories ranging from 1 – 10m s−1 without strike events across the full
range of system motion. These trajectories follow standard trapezoidal velocity profiles in the time
domain, where the trapezoid shape is defined by the selected stop position, acceleration, deceleration
and target velocity, each of which is manually configured during motor setup. After this configuration,
the operator only enters the desired strike velocity in the software for the experiments.

probe technology and the execution of threshold experiments on additional, ecologically
relevant fish species. The introduction of a standardized strike protocol improves the cross-
comparability of sensor strike experiments. In summary, this work provides an open-access
tool designed to generate the biological threshold data required to estimate injury and
mortality resulting from turbine blade strikes. It supports the advancement of fish-safe
turbine designs and enhances the predictive reliability of sensor probes, offering biologists
and engineers a more physically consistent understanding of the frequency and severity of
blade strike events in hydropower systems worldwide.
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(a) Table comparing experiments with overlapping conditions identified in fig. 10b, with the mean
values reported by Amaral et al. in brackets. Strike location, reported as head (H), mid-body (M) and
tail (T) and fish orientation, as lateral (L), dorsal (D) and ventral (V).

(b) Strike experiments conducted at EPRI as purple circles andORNL shown in yellow, with overlapping
experiments within the red boxes.

Figure 10: Comparison of blade strike experiments on rainbow trout conducted in the ORNL and
EPRI studies across three overlapping experimental conditions. Individual ORNL results are shown as
purple circles, averaged EPRI results as a yellow heatmap. For L/t ratio comparison, minimum and
maximum values reported by EPRI were used. A 5% tolerance band around reported strike velocities
defined overlap. Despite differences in strike location and fish orientation (summarized in the table),
mortality rates show only minor discrepancies.
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4 Contribution III: Systematic Evaluation of Strike SeverityMod-
els: Validity Bounds, Failures and Prospects for Improvement

This chapter uses the strike rig developed in the previous contribution to evaluate existing
strike severity metrics across four sensor probe designs, revealing fundamental measure-
ment limitations and proposing directions for improved probe design.

This contribution builds upon the previous one by using the developed strike rig to investi-
gate the performance of current sensor probes designed to assess hydraulic conditions in
turbines and pipe systems. The study evaluates their ability to capture the mechanics of
blade strike impacts and examines the predictive capacity of existing strike severity metrics
for fishmortality, focusing on their sensitivity to strike velocity, which has been identified as
the primary driver of strike-induced mortality after accounting for species-specific effects
(Saylor et al. 2020b).

Passive in-stream sensor probes such as the Sensor Fish, the RAPID and the BDS were
developed as a desired replacement for live fish tests, which remain the standard approach
to assess fish passage risk in hydraulic machinery. Although live fish experiments can
reliably quantify overall mortality risk, they present major limitations. Most importantly,
they provide only cumulative mortality data across an entire structure, making it difficult to
identify the specific mechanisms or sites of injury. This limitation hinders the development
of more fish-friendly designs and requires that each site be tested under multiple operating
conditions, which is prohibitively expensive and ethically problematic, particularly for
endangered species such as the European eel.

Passive in-stream sensor probes typically integrate pressure sensors, gyroscopes and
accelerometers (Carlson and Duncan 2003; Deng et al. 2007; Deng et al. 2014; Salalila
et al. 2019; Pauwels et al. 2020; Saylor et al. 2021; Cox and Felder 2025; Salalila et al.
2025). Because pressure patterns during turbine passage can be matched with specific
regions within the machine, these measurements allow researchers to localize recorded
events and differentiate between potential causes of injury (Hou et al. 2018). This capability
supports cross-site comparisons and provides valuable validation data for computational
models used in turbine design (Romero-Gomez et al. 2024). However, the measurements
do not directly yield mortality or injury rates; instead, they must be interpreted through
metrics or models derived from live fish studies where exposure to specific stressors and
the biological response were recorded.

This approach has been successfully applied to barotrauma, which occurs when fish expe-
rience pressures much lower than their acclimation level, leading to swim bladder rupture
and decompression sickness (Brown et al. 2014). By studying themaximum rate of pressure
change from a certain acclimatization point for injury in controlled barochamber experi-
ments, researchers established criteria for evaluating turbine and pump safety (Stephenson
et al. 2010; Boys et al. 2016; Yang et al. 2023; Pflugrath et al. 2021). Similarly, mortality
associated with shear flow was investigated by exposing fish to controlled water jets and
correlating their body accelerations with observed injuries (Deng et al. 2005). Although
this methodology was originally developed for shear flow, the same thresholds have since
been applied to evaluate blade strike exposure (Deng et al. 2010), despite the absence of a
direct validation for impact events. Nevertheless, this metric, known as the 95 g threshold
, has been widely adopted for interpreting strike severity (Knott et al. 2023; Martinez et al.
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Figure 11: Photograph showing the four sensor probes evaluated in this study arranged side by side
with a caliper included for scale. From left to right the probes are the UNSW probe, Sensor Fish, RAPID
and BDS. A foam element is affixed to the UNSW probe to achieve neutral buoyancy, while colored
tape markers are attached to the RAPID (orange) and BDS (green) probes to facilitate retrieval during
field deployments. The pressure transducers are positioned on the upper surface of the UNSW probes,
RAPID and BDS probes, whereas on the Sensor Fish the pressure port is oriented toward the camera.

2019a; Deng et al. 2010; Fu et al. 2016; Martinez et al. 2019b; Salalila et al. 2019).

Using the strike rig which entailed the previous contribution described in section 3, this last
contribution provides such a validation, determining whether a simple threshold-based
metric can in principle describe strike severity and testing an updated version proposed by
Huang et al. (2025). In addition, the data is used to explore whether a data-driven model
can accurately predict strike velocity and to identify design limitations in current sensor
probes that must be addressed to achieve improved measurements.

We obtained four different sensor probe designs developed by three research groups,
shown in fig. 11, with their respective physical and measurement specifications summarized
in table 1. This collection enables an assessment of cross-comparability among their
measurement results, as the relationship between the published acceleration values from
the different probes has not yet been determined.

4.1 Results & Discussion

First, the 95g-metric was evaluated by subjecting the RAPID sensor probe to strikes at a
velocity of 1m s−1. These strikes resulted in a median peak acceleration of 211 g, as shown in
fig. 12, exceeding the threshold by 116 g and falling well within the range classified as severe
according to the metric, where high mortality rates would be expected. To assess whether
this prediction aligns with biological reality, we examined dose–response studies conducted
on live fish, in which anesthetized individuals were exposed to controlled blade strikes at
different velocities and the resulting mortality was modeled using logistic regression. These
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Table 1: Table providing an overview of the sensors, including their physical characteristics and sensing
modalities. The vertical bar separates the high acceleration sensor probes on the left from the low
acceleration sensor probes on the right.

Sensor Fish RAPID UNSW Sensor BDS

Sensing modalities

total water pressure
linear acceleration
rate of rotation
magnetic field

total water pressure
linear acceleration

total water pressure
linear acceleration

total water pressure
linear acceleration
rate of rotation
magnetic field

Dimensions [mm] cylindric, 89.9x24.5 cylindric, 100x25 cuboid, 34x26x14 cylindric, 140x40
Mass [g] 42 46 15 147

Sampling rate [Hz] 2048 2048 (acceleration)
100 (pressure)

400 (acceleration)
250 (pressure)

100 or 250 (acceleration)
100 (pressure)

Dynamic range (+/-)
± 200 g
0-12 bar
± 2000 deg/s

±400 g
0-2 bar

± 16 g
0-14 bar

± 16 g
0-2 bar
± 2000 deg/s

Figure 12: Acceleration time series for strikes at 1m s−1 are displayed as transparent dashed blue lines
(n = 30), with the median trace shown as a solid blue line. Black dots mark the peak acceleration
of each individual strike, demonstrating that all measured values exceeded the 95 g threshold at
1m s−1. The distribution of these peak values is summarized in the box–whisker plot on the right,
where whiskers extend to 1.5 times the interquartile range and outliers are shown as open circles.
The median peak acceleration is 211 g, with the maximum reaching 304 g. In all but one strike the
95 g threshold was surpassed, highlighted by the horizontal red line. Post-impact accelerations are
attributed to the flow disturbances generated by the blade wake. Reprint from Kösters et al. (2025a).
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studies found nomeasurablemortality in any of the tested fish species below 4m s−1 (Saylor
2021). Consequently, no mortality should occur at 1m s−1, indicating that the 95g-metric
does not provide accurate estimations of strike severity. These results were first presented
at the International Symposium on Ecohydraulics and Fish Passage in Quebec, the leading
global conference in this research field. The work attracted considerable interest from
other researchers and led to the publication of a conference paper (Hoerner et al. 2024),
as listed in section A.5.

Second, we investigated whether a higher acceleration threshold might yield better cor-
respondence by subjecting the RAPID and Sensor Fish probes to strikes over the range
1 – 10m s−1 and recording their peak acceleration values. The results, presented in the
upper panel of fig. 13, show that acceleration measurements saturate between 3 – 4m s−1,
below the biological mortality threshold of 4m s−1 and exhibit considerable variance and
overlap throughout the velocity range. Therefore, peak acceleration cannot provide a
reliable prediction of strike severity using the tested probes.

Third, the recently proposed Mv metric by Huang et al. (2025) was tested, which derives
strike severity from the acceleration time series, as illustrated in the middle panel of fig. 13.
This metric also saturates between 3 – 4m s−1, similar to the peak acceleration results. The
accompanying Mp metric, which estimates strike velocity based on pressure time series,
showed no clear correlation with strike velocity, as seen in the lower panel of fig. 13. The
RAPID probe was excluded from this analysis due to its low sampling frequency of 100Hz,
which was insufficient to accurately capture the pressure dynamics. The BDS and UNSW
probe were likewise unable to resolve strike events adequately because of their limited
sampling rate and dynamic range.

Lastly, based on the observed failure modes and the measurement capabilities of each
probe relative to their hardware specifications, I was able to formulate clear recommen-
dations for future sensor design. Although rigid probes are easier to manufacture using
conventional techniques, their short, high-intensity acceleration responses make accurate
measurement difficult and pose challenges for mechanical robustness. None of the tested
sensors survived strikes above 10m s−1 and only the RAPID withstood a few such events
before failing.

Measuring peak acceleration as a proxy for strike severity appears impractical in rigid
sensor probes, as no small-scale commercial accelerometers offer the required dynamic
range. Even if they did, the necessary sampling frequency would need to be at least an
order of magnitude higher to capture the peak. Using the relationship between strike
velocity and acceleration time series, a supervised machine learning algorithm was trained
on the acceleration data of all axes and was able to predict strike velocity with reasonable
accuracy (Kösters et al. 2025b). However, it remains uncertain how this approach would
perform in real turbine environments where flow and strike conditions are more complex.

Future improvements should therefore focus on lengthening the impact duration by em-
ploying soft materials, which would reduce the need for extremely high sampling rates
and wide dynamic ranges.

I contributed in a project dedicated to the development of such next-generation soft
sensor probes ( StrikeSense) under the guidance of Dr. Shokoofeh Abbaszadeh. The
goal of this project is to design soft probes with enhanced capability to capture strike
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Figure 13: Peak acceleration magnitude, Mv and Mp metrics for the Sensor Fish and RAPID probes.
Distributions are shown as violin plots using kernel density estimation, truncated at the outermost
data points. Colored bars indicate group medians. Dashed lines mark published mortality thresholds:
95 g (peak acceleration), 2.87 (Mv) and 7.52 (Mp). The historically applied 95 g threshold for peak
acceleration is included for reference. A conservative mortality threshold corresponds to approxi-
mately 4m s−1 relative strike velocity. The Sensor Fish probe failed above 8m s−1 and the RAPID above
10m s−1. Due to its 100Hz pressure sampling frequency, the RAPID probe lacked sufficient resolution
for Mp and was excluded from that analysis.
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events accurately. Indeed, even the simple peak acceleration metric exhibited a clear,
approximately linear relationship with strike velocity between 1 – 8m s−1, followed by
saturation and increased variance at 8 and 9m s−1, as shown in fig. 14a. Additionally, probes
incorporating strain gauges were developed to measure the rate and extent of bending,
allowing the combined effects of blade thickness and impact velocity on strike severity
to be assessed. Figure 14b presents a second-order polynomial regression between the
maximum voltage deflection relative to steady state and the strike velocity. The quadratic
term reflects the physical saturation of the bending response, which is limited by the
maximum achievable deformation of the probe body.

4.2 Conclusions

Based on the results of the study it can be said conclusively that current and newly intro-
duced metrics to assess strike severity on the basis of passive in-stream sensor probes
cannot assess strike severity of fish species tested so far in biological threshold tests. The
data collected also served as a basis for a supervised machine learning model that could
accurately predict strike velocity within the isolated setup of the strike rig. Moreover,
the experience gained with testing the sensor probes led to concrete suggestions on the
improvement of the sensor probes that would lead to better quality data. It thereby
answers RQ3 conclusively and directly which states: To what extent can existing strike
severity metrics applied to different sensor probes reliably infer blade strike velocity under
controlled experimental conditions, and can a data-driven approach offer a more accurate
alternative within the biologically relevant velocity range?.

These findings motivated the development of next-generation sensor probes using compli-
ant materials, to which I contributed as part of a dedicated project (StrikeSense).

4.3 My Contribution to the StrikeSense Project

Within the StrikeSense project, I was responsible for investigating different design variants
of compliant strain gauge and accelerometer based sensor probes, with a focus on achieving
appropriate stiffness for the tested velocity range and ensuring mechanical robustness
of both the probe body and its electronic components, including cables, under large
deformations. The use of compliant probe bodies extends the time scale over which
acceleration occurs, which reduces peak acceleration magnitudes and mitigates bandwidth
truncation and intersample peak loss. This principle was previously demonstrated by
Saylor et al. (2021) and has seen further development in more recent work by Salalila
et al. (2025). Early trials conducted within this project support this reasoning, showing
clear differentiation across the tested strike velocity range when evaluating mid-body peak
acceleration magnitude in the accelerometer based probe, as shown in fig. 14a and when
assessing maximum bending in the strain gauge based probe, quantified as the maximum
voltage difference between the undeformed state and the bent state, see fig. 14b.
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(a) Peak acceleration magnitude in relation to strike velocity for a soft sensor probe with a hardness
rating of Shore 16A with embedded accelerometers showing a clear linear relationship. Only the
center acceleration magnitude is shown. The increase in variance at 8 and 9m s−1 may be due to
accelerometer saturation.

(b) Polynomial regression of the voltage difference of the middle strain gauge compared to the
steady state in relation to strike velocity. Strike velocities of 7 and 8m s−1 were excluded because
of corrupted data. The sensor probe broke at 10m s−1 after two recorded trials. The positive linear
relationship is reduced by a negative 2nd degree component, likely a result of physical saturation of
the degree of bending.

Figure 14: Preliminary strike tests on future sensor probes developed within the StrikeSense project
with the measured quantity in relation to strike velocity.
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5 Conclusion and Future Outlook

5.1 Context and Motivation

Across three conceptually connected studies in fluid mechanics, this dissertation examines
how physics-informed, model-based reconstruction can extend what standard measure-
ment systems reveal by deriving specific unmeasured quantities from incomplete image and
sensor data. The cases encompass hydrofoil deformation together with its time-resolved
fluid–structure interface geometry and acceleration-based estimators of turbine blade-
strike severity. In each study, sparse measurements are paired with kinematic constraints
to obtain physically admissible estimates, which both improves the interpretability of the
underlying experiments and clarifies the limits imposed by partial observability.

This challenge cannot be met by relying solely on raw measurement quality. Instead,
it requires the development of models capable of filtering noise and interpolating un-
dersampled data in a physically meaningful way. Building and applying such models is
therefore essential for extracting useful information from compact field-deployable sensors,
especially when measuring transient events.

Compact, field-deployable instruments have become essential across a wide range of
research areas, industrial applications and environmental monitoring efforts. They provide
simple and efficient means of measuring quantities at specific locations over extended
periods with minimal setup effort. For slowly varying environmental parameters such
as temperature or humidity, the focus lies on maximizing deployment time and battery
efficiency by using longer sampling intervals. Other types of probes, such as biologgers
that record animal behavior and vital signs, or geophones that detect seismic activity,
require much higher sampling rates to capture transient events and avoid missing impor-
tant behavioral or seismic patterns. At the upper end of sampling rate requirements lie
applications in predictive maintenance, where acceleration signals, acoustic emissions,
or other vibration patterns are monitored to detect early signs of wear or failure before
they cause damage or unplanned downtime. These sensors are often permanently inte-
grated into the structure being monitored and form part of a larger sensor network with
a centralized data acquisition system. This concept has since been adopted in hydroma-
chinery research, where vertical hydraulic turbines present significant challenges due to
cyclic vortex shedding caused by their rotation. Measuring these resulting vibrations is of
considerable interest for the assessment of turbine loading. I contributed to this research
by applying my expertise in sensor probe technology and helped incorporate them into
the turbine blade, which led to the publication of a conference paper (Hoerner et al. 2025),
included among the additional publications in section A.6.

The study of fish passage through hydraulic machinery such as turbines and pumps presents
a particularly demanding case. The relevant events, including turbine blade strikes, are
highly transient, while the sensor probes must be small enough to mimic juvenile fish,
extremely durable to withstand high pressures and accelerations and with a sampling rate
and dynamic range high enough to capture these events with sufficient fidelity to assess
injury and mortality risk. At the same time, they must remain cost-effective, since a large
number of probes are often deployed simultaneously and may be lost during experiments
due to uncertain field conditions.
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In this dissertation, two caseswere examinedwhere sparse datawere successfully rendered
interpretable through the use of physics-informed modeling approaches.

5.2 Flexible Hydrofoil Deformation

In the study of highly flexible hydrofoils, an image-based method was developed that
demonstrated how both deformation and masking information can be obtained directly
from the motion of flow tracers. This approach allowed for a substantially simplified
setup for generating PIV masks, which are essential for reconstructing the flow field, while
simultaneously enabling the analysis of the coupled FSI behavior of flexible blades. By
reducing experimental complexity, the method facilitates the study of flexible structures
that combine high fatigue resistance with passive load shedding and contributes to the
broader advancement of experimental research in the expanding field of FSI.

The method is only suited for cases where the body has sufficient thickness. It is not
applicable to very thin elastic sheets, which are more appropriately studied using existing
techniques such as laser line scanning, as demonstrated by Kalmbach and Breuer (2013).
In cases where there is a sharp change in light intensity, simpler image-based approaches
that do not require physical modeling, such as those proposed by Dussol et al. (2016),
may be more suitable. However, for the more complex case of deflection in highly flexible
blades, the results indicate that sophisticated stereoscopic systems that track surface
markers to reconstruct a three-dimensional model may not be necessary when the study
focuses on two-dimensional deformation. As a logical next step, the proposed method
could be validated directly and quantitatively for flexible structures, for example through
laser interferometry along the trailing edge following Ducoin et al. (2012), or by using laser
triangulation techniques such as those implemented by Kalmbach and Breuer (2013).

5.3 Fish-Friendly Hydraulic Design and the Strike Rig

In the area of fish-friendly hydraulic design, passive in-stream sensor probes are increasingly
used to characterize hydraulic conditionswithin turbines and pumps as an alternative to live
fish tests. Unlike live fish experiments, which provide only cumulative mortality outcomes
after recapture, sensor probes record stressors such as pressure and acceleration at specific
locations in the flow, allowing researchers to identify critical regions and mechanisms of
injury. The use of sensors also addresses ethical and financial concerns associated with live
testing, which would otherwise need to be repeated for every site, operating condition
and species to yield reliable assessments regarding the local fish population. In addition,
sensor data support the validation of computational fluid dynamics (CFD) simulations that
accelerate the design of fish-safe hydraulic machinery. A persistent challenge, however,
lies in linking sensor measurements to mortality outcomes across species.

To address this challenge, controlled strike experiments have been developed to simulate
turbine blade impacts under isolated and repeatable laboratory conditions (Hecker et al.
2007; Bevelhimer et al. 2019). All rely on iterative calibration procedures that make them
time-consuming to operate and difficult to reproduce consistently across measurement
campaigns. By designing, constructing and openly publishing all design data, rationale and
performance results of the RETERO rig, this work has significantly lowered the barrier to
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systematically investigating strike severity metrics and assessing untested fish species.

Furthermore, using published strike data we could show that, in terms of strike mortality
for the most commonly studied fish species, Rainbow trout (Oncorhynchus mykiss), the
outcomes obtained with the new rig are fully compatible with biological threshold tests
conducted using earlier designs. Although the rig is theoretically capable of performing
live fish tests, it has not yet been used for this purpose. Such experiments would likely
require modifications to the setup to regulate water quality parameters. For long-bodied
species such as eels, the current basin width of 0.58m may be insufficient, necessitating a
redesign to accommodate a wider test chamber.

The strike rig is designed to deliver impacts up to 10m s−1, which results in complete
mortality for all tested species except the American eel (Anguilla rostrata), which has
been shown to survive strikes up to 13.6m s−1 with a mortality rate of 13% (n=90). Several
modifications would be required to extend the rig’s capability to eel testing:

• A wider test chamber to accommodate long-bodied species, as the current basin
width of 0.58m is insufficient.

• A more powerful servo drive, since the current system can provide only 30 A out of
a possible 50 A at 400V.

• A larger primary belt pulley to maintain operation within the motor’s optimal torque
range.

• Structural re-evaluation for mechanical strength under the increased load.

Another potential improvement lies in reducing the accelerated mass, particularly the
sledge, which would shorten the travel length used for acceleration and declaration. How-
ever, unless the diameter of the primary belt pulley—currently optimized for 10m s−1 is
increased, such a modification would mainly extend the duration of motion at maximum
velocity rather than substantially increasing the attainable strike speed.

To facilitate further development, themodel used for designing the strike rig has beenmade
openly available on Github 1. The repository includes updated measured parameters from
the completed rig, enabling future researchers to make informed design and performance
decisions when developing their own blade strike rigs.

Using this rig, a series of controlled experiments was conducted on existing sensor probes
to assess the accuracy of current strike severity metrics used to estimate fish mortality
in hydraulic machinery. The systematic evaluation revealed that prevailing metrics fail
to predict strike severity within biologically relevant velocity ranges because the probes
undersample the fast impact dynamics and saturate at higher loads. Some probes also
exhibited mechanical fragility, failing at strike velocities as low as 2m s−1. These insights
have guided the development of a new generation of sensor probes that employ soft or
compliant materials to extend the duration of acceleration events, thereby reducing the
required sampling rate and dynamic range—key steps toward miniaturization and cost
efficiency.

1 https://github.com/ikoesters/srdatacombiner
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To support continued progress in this field, the complete strike dataset comprising more
than 750 individual experiments has been released as an open-access resource. This dataset
allows other researchers to independently verify the findings and develop data-driven
inference methods, continuing the open-science tradition established by Saylor et al., who
publicly released their live fish strike dataset and thereby made a major contribution to
the evaluation of the 95 g threshold , as discussed in Publication III (section A.3) (Kösters
et al. 2025a).

5.4 Methodological Critique of the 95 g Threshold

During the investigation of strike severity thresholds, a broader and more concerning issue
emerged: the most widely used metric, the 95 g threshold , had gained a false reputation
of validity through repeated use in numerous studies. Despite this widespread adoption,
none of these studies were designed to test or potentially falsify the validity of the metric,
even though it was known to have never been properly validated. The repeated application
of an unverified method in field experiments created an illusion of reliability, as the results
have neither be challenged nor compared in a controlled way. This kind of methodological
reinforcement, where an untested assumption becomes accepted as fact through repetition
has also been observed in other scientific disciplines, including human behavioral research
(West and Burton-Chellew 2025). The authors of that study cynically used “The emperor’s
new clothes” as a memorable reference, drawing on Hans Christian Andersen’s tale to
highlight this problem.

A similar pattern can be seen in more recent work by the same research group (Huang et al.
2025), where the metric score was derived from time-series data and a mortality threshold
was defined as the value corresponding to 97.75% of the observed probability density
function, based on live fish tests conducted at the same site. However, this percentile
coincides with the sensor’s saturation limit, so the threshold value is determined by clipping
rather than by the magnitude of the physical impact itself. As a result, the assigned severity
level reflects the sensor’s measurement limit rather than a validated physical quantity.
The physical validity of this metric was assumed without verification and consistency with
two additional tests showing similar mortality rates was presented as proof of accuracy.
The reason that these metrics have stood unchallenged may lie in the fact that realistic,
controlled and repeatable strike tests are extremely difficult to perform and the only reason
the strike rig can deliver consistent and measurable blade strikes is because it operates in
a highly controlled, simplified environment far removed from real turbine conditions.

If acceleration-based strike-severity metrics are treated as precise without demonstrable
validation, as shown by their repeated uncritical use documented earlier in this thesis,
they risk producing misleading conclusions and, when used to inform turbine design or
assessment strategies, contribute to unnecessary fish mortality in hydropower systems.
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This work therefore establishes two necessary conditions for acceleration-based strike-
severity metrics:

1. They must demonstrate predictable and low-variance responses to controlled impact
velocities in an isolated blade-strike setup.

2. Only after satisfying this basic criterion can such metrics be assumed to reflect strike
severity in the far more complex conditions of a turbine.
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Abstract
Reconstructing Physical Quantities from Sparse Measurements:
Experimental Validation and Sensor-Based Inference inHydraulic
Environments

Many laboratory and field experiments rely on sensors that cannot directly measure the
physical quantities of interest. Interpretation therefore depends on combining partial
observations with physical constraints that restrict admissible behavior. This dissertation
addresses how physically grounded reconstruction methods can recover unmeasured
quantities from incomplete or noisy data, enabling simpler experiments without loss of
interpretability.

The approach is first demonstrated for flexible hydrofoils, where structural deformation is
reconstructed from image data by analyzing the motion of flow tracers. A beam-theory
model constrains the solution, ensuring mechanical admissibility and removing the need
for dedicated deformation-tracking systems. This yields a time-resolved description of
both structure and flow geometry from standard imaging and simplifies mask generation
for particle image velocimetry.

The framework is then applied to fish passage through hydraulic machinery, where di-
rect observation is limited and live-fish tests provide only aggregate outcomes. Sensor
probes offer detailed exposure data, but their signals are difficult to interpret physically. To
address this, a reproducible blade strike rig with closed-loop velocity control was devel-
oped, enabling systematic and repeatable impact experiments. The open design facilitates
comparability across studies.

Using this setup, commonly used acceleration-based strike severity metrics were evaluated
against controlled impact conditions and published biological dose–response data. All
tested metrics failed to resolve biologically relevant velocity ranges or distinguish safe from
unsafe conditions. The resulting dataset was released openly.

A pilot study with soft-bodied probes showed improved sensitivity by extending impact
duration and reducing signal saturation. This suggests that structural compliance can
complement sensing and enable more robust, physically interpretable metrics. Future
work should explore additional deformation-based measures and improve probe durability.

Taken together, these contributions show that enforcing explicit mechanical constraints
during data analysis enables reconstruction of unmeasured physical quantities from limited
observations. By developing and openly documenting a reproducible blade-strike rig and
using it to evaluate widely used sensor-probe metrics, this work strengthens the method-
ological basis of experimental research in fluid–structure interaction and biohydraulic
systems. Such controlled validation is a necessary step toward reducing fish injury and
mortality in hydraulic machinery.
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Kokkuvõte
Füüsikaliste suuruste rekonstrueerimine hõredatest mõõtmis-
test: eksperimentaalne valideerimine ja anduripõhine inferents
hüdraulilistes keskkondades

Paljud laboratoorsed ja välitingimustes tehtavad katsed tuginevad anduritele, mis ei suuda
otseselt mõõta huvipakkuvaid füüsikalisi suurusi. Seetõttu sõltub tõlgendamine osalis-
test vaatlustest ja füüsikalistest piirangutest, mis määravad lubatava käitumise. Käesolev
väitekiri käsitleb, kuidas füüsikaliselt põhjendatud rekonstrueerimismeetodid võimalda-
vad taastada mõõtmata suurusi puudulike või mürarikaste andmete põhjal, võimaldades
lihtsamaid katseid ilma tõlgendatavust kaotamata.

Lähenemist demonstreeritakse esmalt painduvate hüdrofiilide puhul, kus struktuurne
deformatsioon rekonstrueeritakse pildipõhiste andmete abil, analüüsides voolujälgijate
liikumist. Lahendust piirab talateooria mudel, mis tagab mehaanilise kooskõla ja välistab
vajaduse spetsiaalsete deformatsiooni jälgimissüsteemide järele. Tulemuseks on ajas lahu-
tatud kirjeldus nii struktuuri kui ka voolugeomeetria kohta standardse pildistamise põhjal
ning lihtsustub maskide genereerimine osakeste pildikiiruse mõõtmiseks.

Seejärel rakendatakse raamistikku kalade läbipääsule hüdraulilistes masinates, kus otse-
ne vaatlus on piiratud ja eluskalade katsed annavad vaid koondtulemusi. Andurproovid
pakuvad detailseid kokkupuuteandmeid, kuid nende signaale on füüsikaliselt keeruline tõl-
gendada. Selle lahendamiseks töötati välja reprodutseeritav labalöögi katseseade suletud
ahelaga kiiruse juhtimisega, mis võimaldab süstemaatilisi ja korduvaid löögikatseid. Avatud
disain soodustab tulemuste võrreldavust erinevate uuringute vahel.

Selle seadistuse abil hinnati laialdaselt kasutatavaid kiirendusel põhinevaid löögitõsiduse
mõõdikuid kontrollitud löögitingimuste ja avaldatud bioloogiliste doos–reaktsiooni andme-
te suhtes. Kõik uuritud mõõdikud ei suutnud eristada bioloogiliselt olulisi kiirusvahemikke
ega teha vahet ohutute ja ohtlike tingimuste vahel. Saadud andmestik tehti avalikult kätte-
saadavaks.

Pilootuuring pehmekehaliste anduritega näitas paremat tundlikkust, kuna löögi kestus
pikenes ja signaali küllastumine vähenes. See viitab, et struktuurne vastavus võib täiendada
mõõtmist ja võimaldada robustsemaid, füüsikaliselt tõlgendatavaid mõõdikuid. Edasine
töö peaks uurima täiendavaid deformatsioonipõhiseid mõõte ning parandama andurite
vastupidavust.

Kokkuvõttes näitavad need tulemused, et selgesõnaliste mehaaniliste piirangute rakenda-
mine andmeanalüüsis võimaldab taastadamõõtmata füüsikalisi suurusi piiratud vaatlustest.
Reprodutseeritava labalöögi katseseadme arendamine ja avatud dokumenteerimine ning
selle kasutamine laialt kasutatavate andurimõõdikute hindamiseks tugevdab eksperimen-
taalse uurimistöö metoodilist alust vedeliku–struktuuri vastastikmõju ja biohüdraulika
valdkonnas. Selline kontrollitud valideerimine on vajalik samm kalade vigastuste ja sure-
muse vähendamiseks hüdraulilistes masinates.
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A Appendix: Publications

A.1 Publication I

S. Hoerner, W. I. Kösters, L. Vignal, O. Cleynen, S. Abbaszadeh, T. Maître, and D. Thévenin
(2021). “Cross-Flow Tidal Turbines with Highly Flexible Blades—Experimental Flow Field
Investigations at Strong Fluid–Structure Interactions”. In: Energies 14.4, p. 797. DOI:
10.3390/en14040797

This publication corresponds to Contribution I, discussed in section 2.
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Abstract: Oscillating hydrofoils were installed in a water tunnel as a surrogate model for a hydroki-
netic cross-flow tidal turbine, enabling the study of the effect of flexible blades on the performance of
those devices with high ecological potential. The study focuses on a single tip-speed ratio (equal to 2),
the key non-dimensional parameter describing the operating point, and solidity (equal to 1.5), quan-
tifying the robustness of the turbine shape. Both parameters are standard values for cross-flow
tidal turbines. Those lead to highly dynamic characteristics in the flow field dominated by dynamic
stall. The flow field is investigated at the blade level using high-speed particle image velocimetry
measurements. Strong fluid–structure interactions lead to significant structural deformations and
highly modified flow fields. The flexibility of the blades is shown to significantly reduce the duration
of the periodic stall regime; this observation is achieved through systematic comparison of the flow
field, with a quantitative evaluation of the degree of chaotic changes in the wake. In this manner,
the study provides insights into the mechanisms of the passive flow control achieved through blade
flexibility in cross-flow turbines.

Keywords: fluid–structure interaction; deformable blades; NACA0018; particle image velocimetry;
vertical-axis turbine; cross-flow turbine; dynamic stall

1. Introduction

Hydrokinetic energy in oceanic currents is an energy resource with large potential that
remains largely unexploited. Sustainable exploitation technologies for marine and tidal
streams are the focus of recent research, driven by the aim to reduce climate change and
promote a greenhouse gas-neutral production of electrical energy. In this context, hydroki-
netic turbines are of particular interest, as they might solve the most critical issues for a
successful application in ocean energy engineering: sustainability and cost competitiveness
against on-shore technologies.

Hydrokinetic vertical-axis or cross-flow tidal turbines (CFTTs)—the scope of this
study—seem to be advantageous compared to classical axial, also called horizontal-axis
turbines. They are predestined for array installations because of their rectangular cross-
section and better fit in shallow water installations. This leads to high area-based power
density as shown by Dabiri 2011 and others [1–3]. Additionally, they are in general of simple
construction and operate independently of the stream direction, which is an important
advantage for applications in tidal streams, featuring frequent variations in flow speed and
direction [4].
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1.1. State of Science and Technology

In spite of their simple geometry, CFTTs feature complex, unsteady flow in the rotor, as
shown in Figure 1. The vertical axis of rotation translates into alternating angles of incidence
α and relative velocities w for the blades as they rotate. The degree of unsteadiness at blade
level is governed by (1) the solidity σ, the non-dimensional key parameter describing the
robustness of the turbine shape, and (2) the operating point, expressed by the tip-speed
ratio λ (see also Figure 2). Because of the high density of water, water turbines have higher
solidities, they are of more robust design, compared to wind devices, and so they typically
operate at lower λ. The turbines’ optimal tip-speed ratio decreases along with their solidity,
as shown by Shiono et al. 2000 [5]. Low-λ operating points result in high angles of attack on
the turbine blades (see Figure 2). Dynamic blade stall may result from those flow conditions.
The alternating angles of incidence will generate alternating hydrodynamic loads, which,
together with the abrupt loss of lift and drag increase resulting from the periodic blade
stall, can cause failure from material fatigue (Parashivoiu 2002 [6]), a serious challenge for
this type of turbine.

Figure 1. Three-dimensional computer-aided design (CAD) model of a three-bladed H-Darrieus cross-flow tidal turbine
(CFTT) and vorticity field from numerical investigations at tip-speed ratio λ = 2. CFTTs generate a complex flow field due
to the cross-flow design and the lack of a guiding structure (Software package OpenFOAM/Paraview).

In consequence, the control and inhibition of dynamic blade stall is key for an in-
dustrial application of CFTTs. It has been the topic of extensive studies for many years,
beginning with Laneville and Vittecoq 1986 [7], with most recent progress published
by Ferreira et al. 2009 [8], Gorle et al. 2016 [9], Buchner et al. 2017 and 2018 [10,11] or
Miller et al. 2018 [12]. Dynamic stall itself is topic of recent, more fundamental research,
such as Benton and Visbal 2019 [13]. The development of control strategies for blade stall is
also of great interest not only for applications on CFTTs but a general challenge in unsteady
aerodynamics (Müller et al. 2014 and 2016 [14,15]).

Different approaches exist to overcome dynamic stall in CFTTs. One is to control
the angle of incidence of the rotor blades by active or passive pitch mechanisms on rigid
blades. This most extensively studied method provides high improvements in the turbine
efficiency and lowers the alternating load peaks, as reported by Lazauskas and Kirke
2012 [16], Khalid et al. 2013 [17], Mauri et al. 2014 [18] or Abbaszadeh et al. 2019 [19].
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However, blade pitching requires complex mechanisms and adds an additional source of
failure to the systems, reducing simplicity and robustness. New design approaches may
deliver durable and sustainable solutions here in future.

A second, less investigated approach is based on an active control of the angular
velocity (since α depends on the tangential velocity rotor velocity ω × R and the azimuth
angle θ). The dynamic adjustment of the angular speed therefore allows for control of the
angle of attack [20]. This approach requires a sophisticated drive control in combination
with a highly dynamic electrical drive, that may hinder cost competitiveness.

A third method is the deployment of adaptive structures—a bio-inspired method
based on findings concerning sea mammals and fish, whose flexible fins significantly
improve their propulsive efficiency, as reported by Fish 1993 [21] for bottlenose dol-
phins. The design of flexible blades is known to improve turbine efficiency, as reported
by Zeiner-Gundersen 2015 [22] and McPhee and Beyene 2016 [23]. Additionally, it can
increase the lifetime and help to reduce material deployment for these devices as shown by
Hoerner et al. 2019 [24]. The deformations of the highly flexible rotor blades, which result
from the flow adaptation, amount up to 20% of the chord length and provide passive con-
trol of the flow. Potential efficiency increases of 20% along with structural load reduction of
25% could be achieved, as shown experimentally by Hoerner et al. 2020 [25] on a reduced
turbine model consisting of a pitching hydrofoil.

The present study focuses on the flow field surrounding a single CFTT blade, as inves-
tigated on a pitching flexible hydrofoil by means of high-speed particle image velocimetry
measurements. An experimental approach for time-resolved particle image velocimetry
(PIV) on the flow fields around a hyperflexible structure with the open-source toolbox
fluidimage is presented and validated by comparison with a commercial reference code.
The flow pattern and underlying fluid–structure effects on a CFTT equipped with flexible
rotor blades are investigated. They provide new insights concerning passive flow control
with adaptive structures for CFTT . Furthermore, the study reveals how dynamic stall can
be controlled for this particular turbine type.

Figure 2. Alternating angle of incidence α (left) and relative velocity w (right) at blade level in dependence of azimuth
angle θ and tip-speed ratio λ. The relative velocity w is normalized to the far-field velocity: w/v∞.

1.2. Blade Dynamics and Modeling

The flow field of a CFTT, at the blade level, is dominated by the highly unsteady
variations of the angle of incidence α and the relative speed w (see Figures 1 and 2).
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Equations (1) and (2) express their dependence on the azimuth angle θ and the operating
point, given by the tip-speed ratio λ:

α = arctan
(

sin θ

λ + cos θ

)
(1)

w = v∞
√

1 + 2λ cos θ + λ2 (2)

The best efficiency operating point (BEP) depends on the turbine’s solidity σ (see Equation (3)),
a measure for the ratio between the areas covered by the blades and the rotor and expressed
over the number of blades n, the turbine radius R and the blade chord length C:

σ =
n · C

R
(3)

The tip speed ratio λ is defined as the ratio between the tangential velocity of the blades,
given as the product of the angular velocity ω and R, and the free-stream velocity v∞:

λ =
ωR
v∞

(4)

For common design points of CFTTs with σ = 1, the BEP is found at roughly λ = 2
(Shiono et al. 2000 [5]).

The combination of values for σ and λ are crucial for the turbine characteristics:

1. a high solidity along with high tip-speed ratio will lead to strong blade-blade interac-
tion. Blades then operate under unfavorable conditions, since the flow is not able to
convect away the wake of the preceding blades;

2. a low solidity along with low tip-speed ratio will lead to profile stall and poor
efficiency, due to high angles of incidence and a low "harvesting" area of the rotor.

At the blade level, the flow can be characterized by two parameters linked to σ
and λ: The reduced frequency k and the trajectory of the angle of attack α. While the
latter expresses the operating point (see Equation (1)), k combines both σ and λ into one
dimensionless parameter, as will be shown subsequently:

k =
C · α̇max

2 v∞ · αmax
=

C · α̇max

ω · 2R · αmax
(5)

Neglecting blade-blade interaction and downstream wake effects of the cross-flow turbine,
the flow field of a CFTT at blade level can be investigated with a surrogate model consisting
of an oscillating hydrofoil [26].

2. Experimental Model and Setup

In this case, the hydrodynamic profile will perform a pitch motion in accordance to
the trajectory of α (see Equation (1)). An advantage of this setup is the simplification of the
experimental setup and the focus on the blade itself. Since the experiment was conducted
in a closed water tunnel at LEGI Labs Grenoble, the alternating relative flow velocity w
was replaced by the constant inlet velocity vch. This results in a constant Reynolds number,
the effects of which on the results of this study are considered small. This comes along with
a constant load and convection regime, which has to be considered for a transfer of the
results to a real CFTT. The reduced frequency k for the given setup with constant vch and
oscillation frequency fo can be found by combining Equation (5) (left) with the motion law
for α (Equation (1)), its temporal derivative dα/dt and the definition of λ (Equation (4)):

k =
π · fo · C

vch · (λ − 1) · arctan
[
(λ2 − 1)− 1

2

] (6)
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The most interesting feature of the deployed surrogate model is the ability to investigate a
full set of turbine designs by variation of k and α, according to Equation (6).

2.1. Experimental Facility

The water channel at LEGI Labs in Grenoble is operated in a closed loop with a
maximum volume flow rate of 650 L/s at 20 m head. The facility is equipped with a test
section of 1000 × 175 × 280 (L × W × H in [mm]), shown in Figure 3. The turbulence
intensity in the core flow was measured to be 0.5% based on flow field measurements using
laser Doppler anemometry (LDA). The minimum achievable inlet velocity is of 3 m/s due
to instabilities in the volume rate and overheating of the pump drive for lower drive speed.
Therefore, in the study at hand, the channel’s inflow velocity was set to 3.5 m/s.

laser I

laser II

high
speed
camera

inlet

XX

Z
Y

drive system
alumiinum

silicone embodiment

carbr on- ber compmm osite

XX

Y
chord lenggth

skelleton
thickness

Figure 3. Experimental setup: (Left) The water tunnel test section is equipped with a servo-drive
system allowing for a precise set-point control. A six-axis load cell captures the forces and moments
acting on the profile. (Right) The stiffness of the flexible hydrofoils can be adjusted by the thickness
of the carbon-fiber composite skeleton.

2.2. Highly Flexible Hydrofoils

The adaptive blades were designed as a multi-material compound (see Figure 3).
The first quarter of the profiles is milled from aluminum and considered to be rigid.
The remaining parts comprise a composite skeleton built from a thin (0.3 mm) plate of
carbon fiber embedded in an epoxy resin matrix and an embodiment of high flexible
silicone. This design allowed for a variation of the profile stiffness by only changing the
skeleton thickness. The chord length of 66 mm of the NACA0018-shaped hydrofoil led to a
chord-based Reynolds number of about 250,000 for the inlet velocity vch = 3.5 m/s in the
experimental setup.

A detailed description of the experimental facility, hydrodynamic load measurement,
and flexible hydrofoils can be found in Hoerner et al. 2019 [24].

2.3. Pitch Motion Setup

A servo-drive system of 5 kW and 143 Nm peak torque is fed by a power inverter,
allowing the realization of any arbitrary rotational motion. To this purpose, a drive commu-
nication software was customized (Abbaszadeh et al. 2019 [19]). During the experiments,
the drive performs an oscillating pitch motion according to Figure 2, highlighting the case
λ = 2. This pitch motion leads, in addition to the main flow in the water channel, to a
highly dynamic flow regime, comparable to the flow in the rotor of a single-bladed CFTT.
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The position feedback of the drive for one period, describing the evolution of α, is shown
along with the resulting flow field in Section 3.

2.4. PIV Hardware Setup

The instantaneous flow field was captured with a time-resolved, two-dimensional,
two-component (2D2C) PIV setup with 4 kHz temporal resolution (see Figures 3 and 4).
The light sheet of 2 mm thickness was built with two continuous lasers placed in parallel
and pointing towards each other in the X-Y plane, in order to remove shadow effects from
the hydrofoil. The plane was situated with a negative shift of 0.145 m in the Z-direction.

Figure 4. Setup of the two-dimensional, two-component (2D2C) particle image velocimetry (PIV) measurement with two
synchronized lasers and high-speed camera at the LEGI labs closed-loop water tunnel. (Left) Detail of the inclined rigid
hydrofoil, with flow separation. (right) The high-speed camera appears in the right of the image. Pathlines of particles are
partly visible. Photos by Nicole Lambert, CNRS/LEGI 2017.

Both lasers were placed behind the test section: Laser I was equipped with an optical
arm and a sheet generator which illuminated the measurement plane from the top, while
Laser II generated the plane with a set of lenses from the bottom. The specifications of
the lasers are given in Table 1; both were set to 500 mW power. The high-speed camera,
a Phantom V2511 (see Table 2 for specifications) covers an area of 120 × 74 mm2 with
1280 × 800 pixel at 12 bit gray-scale depth. The data was acquired with lens aperture of
focus/4 and an exposure time of 50 μs. Each recording consists of 16,500 frames, amounting
to 4.125 s. The flow was seeded with silver-coated hollow glass spheres of 10 μm diameter.
The time synchronization of the position feedback and video recording is given by an
external trigger signal from a pulse generator.

Table 1. Laser I and II specifications.

Spectra Physics Millenia

Wave length [nm] 532
Type continous NdYV04
Power [W] 2 (pro 2 SJ)/5 (pro 5 SJ)

Table 2. High-speed camera specifications.

Phantom V2511

Resolution [px2] 1280 × 800 Pixel size [μm] 28
CMOS area [mm2] 35.8 × 22.4 Color depth [bit] 12
Focus [mm] 105 Acquisition rate [fps] 25,000

The PIV measurements were performed for a reduced frequency k = 0.24, represented
by variations of the oscillation frequency fo = 2.25 Hz and a tip-speed ratio λ = 2. This
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means that the flow field is dominated by a fully-dynamic stall regime. At first, measure-
ments were performed for a rigid reference hydrofoil. Subsequently the experiment was
repeated under exactly the same conditions for the flexible hydrofoil, which allows for a
direct comparison of the influence of the passive stall control approach and consequences
regarding the flow field.

2.5. Preprocessing and Masking

A particular challenge for the present study was the adhesion of particles to the silicone
body, resulting in agglomerations on the surface. Reflections at the boundaries perturb
the cross-correlation algorithm, so that the structure has to be masked. In the present
case, the mask generation becomes a challenging task. The structure is in motion and
simultaneously deforms, because the rigid body displacement is overlaid by an unknown
and partly stochastic structural deformation. While the first can be easily predicted by the
trajectory of the drive control or the position feedback, no reliable information is available
for the deformation of the flexible body. To overcome this issue, a segmentation algorithm
was developed to provide an adaptive mask for the PIV raw data. The algorithm and an
additional technique used to measure cross-section deformation have been published as
open-source code and are described in Hoerner 2020 [27] .

The footage was taken by a camera perpendicular to the cross-section; therein, three-
dimensional effects enlarge the projected area of the structure non-uniformly, as a result
of non-uniform deformation of the hydrofoil itself across its span (in the Z-axis). This
results in a sparser seeded (and hence darker) area, especially near the trailing edge. In
consequence, a corrected mask (Figure 5), thicker than the NACA0018 geometry, was used
during the PIV processing. This has a non-negligible effect on the measurements in the
vicinity of the trailing edge and has to be considered in the evaluation of the results.

Figure 5. (Left) High-speed recording of the hydrofoil motion. The hyper-flexible hydrofoil encoun-
ters strong deformations for high angles of incidence. (Right) PIV mask generated from PIV raw data
with thickened tail (grey) to cover three-dimensional deformation effects and recognized NACA0018
structure (black). The recordings belong to two different measurement campaigns.

2.6. Processing

Fluidimage, a PIV processing framework introduced by Augier et al. 2019 [28] was
utilized to perform the PIV processing of the raw data.

The process starts with image preprocessing and mask generation. The main pro-
cessing (the cross-correlation) is performed in a multi-step setup, starting with an initial
window size of 128 × 128 px2 and a final window size of 32 × 32 px2. In the current
state only quadratic interrogation windows are supported by the software. The windows
overlap of 50% leads to one vector for each 16 × 16 px2, or 1.5 × 1.5 mm2 respectively. A
correlation peak value of 0.3 was chosen as a threshold during the multi-step process to
ensure reliable results. All vectors obtained with lower correlation values were discarded
and replaced by the output of a thin-plate-spline (TPS) interpolation algorithm. The contin-
uous laser source and the high sample rate made for challenging conditions. Subsequent
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treatment methodology of the flow fields retrieved from the correlation was necessary and
fully adapted to the data at hand.

2.7. Post-Processing

In a first step of data post-processing (see Figure 6), the (spatially) interpolated vectors
(this is done by deploying thin-plate-spline radial basis functions during the processing in
the Fluidimage software) for each time step with a correlation <0.3 were discarded and
replaced by NaN (see Figure 6 (far left)). Resulting vector gaps were subsequently filled
up, exploiting the high temporal resolution of the recordings to increase the reliability of
the data. A time-based rolling average with a window of four frames replaced most of the
removed vectors with reliable values from the neighboring time steps (see Figure 6 (center
left)). To this effect, the average value of all available velocities in a given coordinate was
calculated. NaN were sorted out before averaging over the remaining data points.

In the next step, a Gaussian filter was applied to the field. In order to work around
remaining NaN in the velocity field, the filter was applied once for a field containing the
NaN values, and once for a field with NaN replaced by zeros. The division of the second
field by the first removes the influence from the zero velocities (see Figure 6 (right)). The
resulting field does not contain the masked region, which is simply treated as a tracer-free
region (set to ‘0’) while processing the raw footage. A second, NACA0018 foil-shaped
mask without thickened trailing edge, generated in parallel to the processing mask during
the preprocessing, is superposed on the velocity fields for optical convenience. In the
subsequent figures, except where explicitly mentioned, flow velocities v are shown as a
dimensionless values after division by the average incoming flow speed (v/v̄), and the color
scale is constant, ranging from 0 < v/v̄ < 2 for all subsequent velocity plots and videos.

Figure 6. Postprocessing corrections on the vector field: (far left) Raw flow field with magnitude of the pixel shift and
empty spaces from low correlation (<0.3). (center left) Resulting field after application of the temporal rolling average with
window size 4. (center right) final velocity field, after application of a Gaussian filter and calibration. (far right) Filtered
vector field with streamlines: The velocity is displayed as non-dimensional velocity relative to the average flow speed v/v̄.

2.8. Uncertainty Estimation

An uncertainty estimation for PIV measurements is challenging, due to the high
abstraction level of the method and the multitude of processing steps. In order to evaluate
the reliability of results and in particular of Fluidimage, results were compared with
those obtained from the commercial software solution DaVis, and by using its uncertainty
estimation function. The same adaptive masks were used in both processes. Table 3 shows
the settings for the DaVis and Fluidimage software, which were chosen to be as similar
as possible.
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Table 3. DaVis and Fluidimage software settings used in the post-processing. Thin-plate-spline (TPS)
stands for thin-plate spline interpolation.

Davis Fluidimage

Denoise counts 1000 threshold counts > 85%
substraction

Vector calculation time-series multi-pass time-series multi-step

Window size/Steps 64 × 64 2 128 × 128 1
Overlap 0 50%
Smoothing Gaussian weight 1:1 TPS
Correction standard correl < 0.3

Window size/Steps 64 × 64 1
Overlap 50%
Smoothing TPS
Correction correl < 0.3

Window size/Steps 32 × 32 2 32 × 32 1
Overlap 50% 50%
Smoothing Gaussian weight 1:1 TPS
Correction standard correl < 0.3

The results of the comparison are visualized in Figure 7 where all the fields are dis-
played in m/s. The left half shows the velocity fields retrieved from each of the two
software solutions. The right half shows the uncertainty of the PIV measurement obtained
from DaVis, which is mainly based on the correlation peaks of the cross-correlation. The
rightmost image displays the difference between the two velocity fields. In Figure 7, it
becomes visible that the two software packages have a different treatment of masks. Flu-
idimage sets the masked area to zero velocity. This results in a smearing of the boundaries
and produces artificially low velocities at the boundaries of the hydrofoil. This effect is not
visible for DaVis where the mask seems to be treated explicitly with more sophisticated
methods. This increases the reliability of the velocity fields close to the mask boundaries.
Such a specific boundary treatment is not implemented in Fluidimage at this stage.

Figure 7. (Far left) Velocity field in m/s obtained by DaVis; (center left) Resulting field from Fluidimage with temporal
rolling average with window size 4 and a Gaussian smoothing; (center right) Uncertainty of the PIV measurement in m/s
from DaVis; (far right) difference between the magnitudes of the velocities from DaVis and Fluidimage, in m/s.

The differences between both reconstructed velocity fields were evaluated on a smaller
window (the red rectangle in Figure 7) in order to avoid unrepresentative differences
resulting from the mask treatment. In this window, the maxima of the magnitude were
found to be a +0.16 m/s and −4.04 m/s (an outlier). The average difference was about
−0.02 m/s, which is less than 1% of the average flow speed.

A further error source is related to the drive system and the accuracy of the position
control. The position feedback is retrieved from the power inverter with a set-point
precision of 0.058° by 0.0439° resolver resolution. The zero angle was calibrated with 0.014°
accuracy (0.25 mm per meter) with a precision leveling tool.
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3. Results and Discussion

3.1. The Influence of the Flexibility on Profile Stall

A systematic description of the influence of the hydrofoil flexibility on the macroscopic
flow field is obtained in this study. The high measurement uncertainty in the boundary
layer (see Section 2.8) does not allow for investigations of the propagation of the boundary
layer separation in detail, and so precise mechanisms of hydrofoil stall are not in the focus
of the present investigations.

In Figure 8, a stepwise evolution of the flow field is shown in discrete steps of 3° for
one period for rigid and flexible hydrofoil. Instantaneous velocity fields are presented. In
the upper left diagram, the trajectory of the pitch motion (black line) is shown along with
the angles (red circles) corresponding to the flow fields shown below. Starting with the
rigid hydrofoil, the reference for a conventional CFTT, deep dynamic stall characteristics
are found: the flow stays attached while passing through the static stall angle of α = 15°
(NACA0018, Re = 230,000). The onset of flow separation can be observed on the trailing
edge at α = 24°. The flow separation further grows and reaches its maximum, after passing
αmax = 30°, in the downward motion of the profile at α = 27°. Two counter-rotating
vortices can be found in the wake structure. The size of the wake reduces as the angle
of attack decreases. However, the flow remains detached until the hydrofoil gets in a
clearly negative inclination (α = −6°), long after the static stall angle has been reached,
the mark of a significant hysteresis. These effects are well described in literature as key
characteristics of a dynamic stall regime (McCroskey 1976 [29]) and in former studies on
pitching hydrofoils [30,31].

In the second half of the period, similar behavior can be reported (although some
differences remain because the pitch velocity α̇ is higher in the downstroke). The largest
profile wake zone appears again at α = −27°. The slower increase of the pitch angle allows
for a faster reattachment of the flow (α = 3°). The hysteresis results in a regime where the
flow only reattaches for very short parts of the oscillation period. This is in accordance to
Gorle et al. 2016 [9] and their findings from PIV measurements on a four-bladed CFTT at
λ = 2 and k = 0.255.

The flow field of the flexible hydrofoil shows different characteristics. The structural
adaptation to the flow leads to a significant decrease of the size of the wake, even though
the flow separates again near α ≈ 27°. The hysteresis effects reported for the rigid hydro-
foil appear for the flexible hydrofoil as well. However, the detached flow phase remains
shorter in the period. In the second half, the deformation increases, the hydrofoil tail flaps,
while shedding a main vortex at α = −27° and the reattachment process is accelerated.
This leads again to a shortened detached flow period. As shown in former studies, this
structural adaptation and the resulting passive stall control leads to improved turbine
efficiency [23,24]. The improvement is driven by drag reduction, which more than com-
pensates for the reduction in lift resulting from the profile flexibility. The structural load
also decreases because the structural deformation smoothens out the lift curves. This could
translate into finer rotor geometries (reducing material usage) and longer lifetimes, due to
decreased fatigue failure risks [24]. Beside this, a second, also remarkable point is the flow
separation starting from the leading edge of the hydrofoil, which is a different behavior
than observed for the rigid profile.

A chordwise flapping effect can be observed in the upwards motion from −12° to
−6°, which is in accordance to the structural deformation measurements in a previous
study [25,32]. This profile flapping is of stronger amplitude and can be linked to the
shedding of the leading-edge vortex after convection of the profile, leading to significant
deformations of the structure.
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Figure 8. Flow fields for selected angles of incidence of one period of the oscillating pitch motion. The top-left diagram shows the pitch trajectory. The red points in the diagrams show the
phase angle of the flow fields. (Left) Deep dynamic stall on a rigid NACA0018 hydrofoil at k = 0.24 for λ = 2 and σ = 1.5. Three-dimensional, chaotic structures with multiple, partly
counter-rotating vortices are found in the separated zone. (Right) Flexible hydrofoil at k = 0.24 for λ = 2 and σ = 1.5.
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3.2. The Influence of the Profile Flexibility on the Periodicity of the Flow Field

The influence of the flexibility on the phase angle based periodicity, or reproducibility
of the flow is also investigated. The chaotic component of the flow field is observed
through a comparison of the instantaneous flow fields with the average field for any one
foil position. A high similarity of the flow field between individual periods is a desirable
property, and is, following a hypothesis of the authors, likely to correlate with higher
efficiencies in farm configurations. In such installations, reducing turbulence in the wake
of an individual turbine may improve conditions for downstream turbines, enabling an
increase in the power of the complete array. In this case, it could be taken as a measure for
the efficiency of the energy conversion process.

A meaningful comparison of any flow fields shall not focus on microscale differences,
but instead observe similarities in the main flow structure. The structural similarity index
(SSIM), as proposed by Wang et al. 2004 [33] is a suitable tool to express the similarity
of two images by the evaluation of luminance, contrast and structural similarity. In the
case at hand it allows for the comparison of the flow fields using a single, averaged index,
based on macro-scale—structural—similarities of the fields. Therefore, this tool, originally
developed to assess the quality of image compression tools, serves as a fast and robust
method for an assessment of the periodicity of the flow and the information loss in a
phase-averaged flow field.

Figure 9 shows this comparison of the flow fields in multiple stages once for the rigid
(left) and once for the flexible profile (right). As an example, a fully-detached flow at
α = 28° in the descending α motion is chosen using nine samples. The detached flow, a
consequence of the dynamic stall regime induced by the periodic pitch motion, results
in flow fields with significant stochastic properties. The number of periods for the set
is limited to nine, due to the camera buffer size and the high sample frequency of the
recording. However, this number of periods is sufficient to provide clear trends. The figure
is divided in multiple sections. The averaged flow field is provided (top right) beside a
diagram (top left) featuring the SSIM calculated between the instantaneous sample flow
fields and the averaged one. Subsequently, pairs consisting of two images are shown: the
instantaneous flow fields (numbered 1–9) and their difference relative to the averaged
flow field (underneath). All velocity fields were initially uniformly scaled according to the
averaged flow velocity vch.

In the case of the rigid foil, on the left, the wake area accounts for a significant
share of the region captured with PIV measurements. The averaging of the flow field
obviously suppresses small-scale structures originating from the instantaneous flow fields.
As expected, significant differences appear in the wake region of the flow field and feature
high variations in magnitude, structure, and size. The SSIM varies with a range of 0.04
from 0.874 to 0.912 with an average value of 0.893, which shows the strong variations for
this case.

The flow fields of the flexible hydrofoil are generally characterized by a smaller wake
size and a less complex flow structure. This can be found by visual examination and is
also expressed by the SSIM, which varies in a smaller range of 0.02 from 0.943 to 0.963,
around the generally higher average of 0.953. This is a clear metric for a significantly higher
periodicity of the flow. Exploiting the results of the segmentation algorithm deployed for
the raw PIV footage masking, the deflection of the flexible hydrofoil is a second parameter
in the assessment of the periodicity. Figure 10 shows the differences in-between the
deflected inclination angles β for the nine sample probes. The numbering of the periods is
consistent with the numbering used in Figure 9. Variations of about 2° from the average
can be reported. However, the bending characteristics are not correlated to the SSIM values.
Further investigations of hydrodynamic loads and flow circulation around the profile could
be appropriate in this case, but are out of the scope of this study.
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Figure 9. Averaged flow field (top plot), instantaneous flow fields (numbered 1–9) and relative velocity difference to the average (underneath) around the rigid (left) and the flexible (right)
hydrofoil for an identical angle of incidence in multiple periods (α = 28°, k = 0.24). The diagrams show the structural similarity of the flow fields for each period.

55



Energies 2021, 14, 797 14 of 17

0 2 4 6 8 10
period number [-]

13.0

13.5

14.0

14.5

15.0

15.5

16.0

16.5

17.0

[°
]

measurement
average
av. uncertainty = 1.02°

h

pivot point

Figure 10. Definition of β. The profile tip was not considered to suppress errors from tip recognition uncertainty in the
cross-section detection algorithm. Flexible profile deformation for multiple periods, expressed with the deformed angle of
incidence β (α = 28°, k = 0.24).

4. Conclusions

A time-resolved 2D2C PIV study was performed on a hyperflexible pitching hydrofoil
in a closed water tunnel.The open-source toolbox fluidimage and custom routines were
deployed for post-processing the raw data after validation by comparison with a commer-
cial reference code. This installation is deployed as a surrogate model for a CFTT. The flow
field analysis allows for a clear description of the influence of the novel approach to deploy
flexible turbine blades on CFTT. Furthermore, it provides a better understanding of the
underlying mechanisms for these positive effects of passive flow control. The advantages
of this model are the ability to closely investigate the CFTT rotor flow field at the blade
level for multiple designs and operating points without hardware modifications. It could
be shown that deployment of hyperflexible turbine blades attenuates the dynamic profile
stall characteristics. This results in a smaller wake size during the fully stalled periods
of a rotor revolution. Also, the periods of flow separation are shortened, which allows
for a reduction of the drag and of the hydrodynamic loads. Chordwise flapping can be
observed while the main vortex is shed after convection over the profile. In summary, it
can be stated that the blade flexibility passively controls the flow by its adaptation. The
hydrodynamic loads induce profile deformation, which reduces load peaks, ultimately
leading to a damping of stall dynamics.

The flexibility of the blades is found to have significant effect on the structure of
the wake. Beside a descriptive visual comparison of instantaneous and phase-averaged
flow fields, the similarity between them was described quantitatively using the structural
similarity index. The SSIM was found to be significantly higher (rising from 0.893 to 0.963)
when using the flexible structure, showing fewer stochastic changes in wake features from
period to period. This may be advantageous for farm installations.
In a parallel study using the same setup, surface tracking measurements were conducted;
further work is intended to investigate the flow fields for multiple reduced frequencies and
to link the results to the structural response and hydrodynamic loads. The effect of wake
periodicity concerning energy harvesting will also be investigated in the future.

5. Materials

The data that supports the findings of the study are available from the corresponding
author upon request.
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Abbreviations

The following abbreviations are used in this manuscript:

2D2CV Two dimensions two components
BEP Best-efficiency point
CAD Computer-aided design
CFTT Cross-flow tidal turbines
PIV Particle image velocimetry
LDA Laser-Doppler anemometry
LEGI Laboratoire des Écoulements Géophysiques et Industriels
NACA National Advisory Committee for Aeronautics
NaN Not-a-Number
SSIM Structural Similarity Index
TPS Thin plate spline
α Angle of attack [°]
λ Tip-speed ratio [-]
ρ Density [kg/m³]
σ Rotor solidity [-]
Θ Rotor azimuth angle [rad]
ω Angular velocity [rad/s]
f Frequency [Hz]
k Reduced frequency [-]
n Number of blades [-]
v Absolute flow velocity [m/s]
w Relative flow velocity [m/s]
C Blade chord length [m]
H Height [m]
L Length [m]
R Turbine radius [m]
W Width [m]
Re Reynolds number [-]
∞ free-stream condition
ch water channel
max maximum
o oscillation
˙ temporal derivation
¯ average
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a b s t r a c t

Fluid–structure interactions (FSI) on highly flexible structures involve large deformations

and require specific techniques for a thorough investigation of the flow field and

structural deformation. To this purpose, a physics-informed method is introduced that

allows for simultaneous determination of the flow fields and the structural deformation

by using Particle Image Velocimetry (PIV) raw images. The method combines apriori

knowledge of the mechanical characteristics of the flexible structure with classical

image processing techniques for segmentation. PIV recordings of an actively pitched,

highly deformable hydrodynamic profile experiment in a closed water tunnel serve

as an example case. To achieve accurate results, the contour obtained from image

segmentation is further defined under the assumption that its flexure can be described

with the Euler–Bernoulli beam theory model. This makes it possible to determine

the neutral fiber of the structure and the final reconstruction becomes possible from

knowledge of the original geometry. The resulting procedure allows for a recognition of

the structure itself and is suitable for cross-section deformation measurements and for

masking of the structure in the raw images to improve the PIV processing. A test case

comprising synthetic data similar to the application with a modeled profile geometry

of known shape is used to investigate the accuracy of the method and its validity for

deformation measurements. Under conditions of cyclic dynamic stall, a mean absolute

error of 0.84° could be reached, with a deterioration up to 2° mean absolute error under

static stall. The method has a major advantage compared to other technically more

sophisticated and complex methods, such as the combination of Laser interferometers

combined with Laser-Doppler Anemometry: the method allows for the usage of a single

data source for both, fluid and solid in a unified measurement method. Therefore a direct

comparison of instantaneous flow field and deformation is possible. In consequence it

is in particular useful for highly dynamic multi-physical processes involving extreme

deformations, such as passive flow control and soft actuated or flexible under water

robotics.
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Nomenclature

2D2C two directions, two components

C normalized position on the mean-line (chord-line)

FSI fluid–structure interaction

IoU intersection over union

IQR interquartile range

LEGI Laboratoire des Ecoulements Geophysiques et Industriels

LIF laser-induced fluorescence

MRI magnetic resonance imaging

NACA National Advisory Committee for Aeronautics

px pixel within frames to be segmented

RMSE root-mean-square error

1. Introduction

Flexible underwater structures are commonplace in nature. They are required for the undulatory locomotion of

aquatic animals including fish, pinnipeds, and cetaceans. In the context of bio-inspired technologies they can also provide

substantial benefits for technical applications including soft actuated and flexible underwater robots (Bozkurttas et al.,

2006; Salumäe et al., 2014; Tangorra et al., 2011) and can be used for passive flow control methods, as investigated for

vertical-axis turbines such as those presented by Zeiner-Gundersen (2015) or (Hoerner et al., 2019, 2021a). Indeed, the

latter studies were originally the motivation for developing the method at hand.

The multi-physical interactions resulting from hyper-flexibility lead to a strong coupling between fluid forces and

structural deformations. They are often found, for instance for fluid-induced vibrations or flutter. Numerical methods

remain costly and challenging, in particular, if a complex, non-homogeneous structure is subjected to strong deforma-

tions (Fabbri, 2022). However, new experimental methods can provide simultaneous measurement of the instantaneous

flow fields and structural deformations. This allows for deeper insights into the underlying physical mechanisms as well as

investigations of more complex applications of fluid–structure interactions (FSI). Particle image velocimetry (PIV) analysis

is the commonly employed method for the investigation of instantaneous flow fields. However, it typically considers

a single phase containing the seed particles, so that other structures or phases cannot be tracked directly. Without

proper preparation of the experimental setup and data treatment, the computed velocity fields will generally contain

spurious vectors inside and in the vicinity of the additional phases and structures, thereby decreasing the reliability of

the measurements and constraining the analysis of the whole vector field. To improve quality, it is crucial to mask the

non-seeded phases and structures to correctly analyze the seeded phase.

Fujiwara et al. (2004) recognized that there is another advantage in doing so: the obtained masks can be used to

reveal the movement of the other phase and its shape (air bubbles in water). Those can be directly used for FSI analysis,

allowing for an investigation of the structural displacement or deformation and its relationship to the flow field. Therefore,

the automated recognition and masking of non-seeded phases, such as bubbles or structures can improve and enhance

experimental studies of multiphase flows and FSI configurations. Since the study of multiphase flows and of the flow

around arbitrarily moving bodies or deforming phases (e.g., bubbles) is of much interest for many applications of fluid

mechanics, many approaches have been developed to investigate them.

Examples of applications can in particular be found for tracking sand particles within a gas flow (Zhang et al., 2008;

Muste et al., 2009; Capone et al., 2015), or for investigating trajectories in a bubble column (Fujiwara et al., 2004; Bröder

and Sommerfeld, 2007; Rzehak et al., 2017; Kováts et al., 2017).

To perform a reliable PIV analysis of bubbles and bubble columns, the gas phase or bubbles have to be segmented.

A popular method is to use laser-induced fluorescence (LIF) in combination with shadowgraphy (Boëdec and Simoëns,

2001; Lindken and Merzkirch, 2002; Fujiwara et al., 2004; Bröder and Sommerfeld, 2007).

The light scatter at the bubble interface often surpasses the intensity of the light scatter of the seed particles by an

order of magnitude or more. This was exploited by several research groups that used digital image processing to derive

masks (Cardwell et al., 2011; Gui et al., 1997; Dussol et al., 2016).

Methods relying on brightness intensity and size evaluation are used extensively when investigating particle flows

(Muste et al., 2009; Cheng et al., 2010; Diez et al., 2011; Dearing et al., 2013; Capone et al., 2015). This is particularly well-

suite when large differences exist between the size of the particles that interact with the flow – very often, sand is used –

and the size of the PIV seed particles. In a recent development, purely data-driven methods for particle segmentation have

emerged based on an autoencoder, a type of generative adversarial network (Vennemann and Rösgen, 2020). During the

encoding step, the tracer particles are lost, while the shape of the sand particle is retained, and can thus be used as a mask.

In experiments with free-surface flows, the sudden jump in local light intensity at the interface can be exploited (Sanchis

and Jensen, 2011; Jeon and Sung, 2011; Weheliye et al., 2012; Vested et al., 2018).
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Fig. 1. (Left) Design of the flexible hydrofoil; (Right) Flexible and rigid section of the foil, with the pivot point at their interface and the mean line,

here defined as the points midway between the upper and lower surfaces of the foil.

Markers on a body can be tracked with a stereoscopic camera setup, which allows for building a three-dimensional
body that is then translated back to the image needed for masking (Tregidgo et al., 2013; Nikoueeyan and Naughton, 2018;
Fatiha et al., 2019). The differentiation between tracking points and tracer particles can be achieved by a minimum filter
in the time domain if the body moves sufficiently slower compared the tracer particles within the fluid (Mitrotta et al.,
2019). Deriving complex shapes from the deformation field of a projected pattern of structured light is also a well-known
technique. It has been successfully implemented for surface deformation measurements of a flexible hydrofoil (Hoerner
and Bonamy, 2019), which allows for capturing the 3D deformations of the surfaces from 2D single camera recordings.
Commercially available laser-line profile scanners have been used to measure the deformation of a flexible sheet along
one axis (Ducoin et al., 2012; Kalmbach and Breuer, 2013; Akcabay et al., 2014). The light scatter induced by the PIV light
sheet was used for a similar purpose by several researchers (Rojratsirikul et al., 2009; Gomes et al., 2011; Nikoueeyan
and Naughton, 2018).

Finally, it should be noted that seed particle displacement does not necessarily have to be recorded by a camera:
(Hessenthaler et al., 2017) used magnetic resonance imaging (MRI) to measure the position of seed particles without any
need for masking the flexible rubber body present in the study.

It is often possible to generate accurate masks without tracking the second phase, thereby greatly simplifying the
experimental setup. However, this translates into a segmentation problem for digital image processing. This issue has
already been investigated extensively for gas–liquid phase segmentation (Gui et al., 1997; Cardwell et al., 2011; Sanchis
and Jensen, 2011; Jeon and Sung, 2011; Weheliye et al., 2012; Dussol et al., 2016), but to the knowledge of the authors
not yet for the segmentation of flexible bodies within a fluid flow acquired with a single-camera setup. Additionally, the
suitability and precision of the computed masks for quantifying the deformation of the body have not been quantitatively
assessed yet.

In this study, we aim to: (1) determine the body’s deformation resulting from the fluid–structure interaction, and,
(2) provide an exact masking of a highly flexible body based on the evaluation of the local light intensity. The central
objective is to provide a simple and accurate tool to capture the full FSI from a single measurement and to improve the PIV
results. The proposed physics-informed method uses apriori knowledge of the flexible structure in particular its bending
characteristics, in conjunction with morphological image processing. As an application case, an actively pitched and highly
deformable hydrofoil experiment in the water tunnel at LEGI Labs Grenoble is used. The results of the experiment’s
reference case with known shape serve as an evaluation case of the accuracy of the method itself deploying the PIV
raw footage of the known geometry. A test case from synthetic data similar to this example has been created and allows
for the quantitative determination of the accuracy of the developed procedure. Although the method is tailored towards
this particular data set and may not be an out-of-the-box solution for a different body or a different experimental setup,
many steps of the proposed method are universal. Consequently, this publication serves as a description of a general
method and provides a computational framework adaptable to the specific needs of any other similar experimental work.
This is of particular interest for FSI studies where a low-order structural model already exists which can be exploited to
significantly improve the accuracy and reliability of the method.

2. Methodology

The data used in this study is based on an FSI case of a highly flexible hydrofoil for the passive flow control in cross-flow
tidal turbines performed in a closed water tunnel in a fully turbulent flow (chord-based Re≈250.000). The hydrofoil with
a NACA0018 shape consists of (1) a rigid front section from the leading edge to the pivot point (placed at 0.25C), and (2)
a flexible body in chord-wise direction in between the pivot point and the trailing edge, as can be seen in Fig. 1. The rigid
tip section was milled from aluminum and can be considered rigid, while the flexible section consisted of a silicone body
with a thin, carbon-fiber-enforced composite plate in the middle to provide adequate stiffness. The silicone body provides
the external shape. Yet, its contribution to the stiffness is negligible as its Young’s modulus is about 10 000 times lower
than the modulus of the composite material. All details about the experimental base setup can be found in Hoerner et al.
(2019, 2020).

For the PIV setup, a two-dimensional planar PIV high-speed setup (2D2C) with continuous recording at a frame rate of
4000Hz was chosen, using a Phantom V2511 camera with specifications given in Table 1. Further details concerning the
PIV measurements can be found in Hoerner et al. (2021b). The hydrofoil was actively pitched along a specific trajectory
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Table 1
Specifications of the PIV setup.

chord-based Reynolds number 250 000

mean flow speed 3.5m s−1

maximal inclination 30°
image acquisition rate 4 kHz

force & angle acquisition rate 1 kHz

resolution 1280 × 800 pixel (px)

PIV type high-speed 2D2C, single shot

illumination continuous laser

flow field capture instantaneous

Fig. 2. Kanizsa’s triangle: a visual illusion comparable to how the foil is recognized by human perception (Kanizsa, 1955).

representing the variation of the angle of attack for a blade of a Darrieus vertical-axis turbine during each turn of the
rotor. The angular position of the drive system performing the pitch motion was recorded by the drive encoder with a
frequency of 1000Hz. The light sheet generated by two opposite continuous lasers had a thickness of 2mm. The seed
particles were hollow glass spheres with a 10μm diameter.

A detailed description of the process conditions (foil dimension, trajectory, measured signals) is provided in Hoerner
et al. (2021a).

While looking for an appropriate algorithm that provided automated mask generation of the deforming structure, it
became apparent that established methods that segment visible objects within a picture, e.g. bubbles, are not applicable
here. The challenge of the problem stems from the fact that the contour of the foil, which is easily recognizable for a
human being, is rather an ‘illusory contour’ – the visual illusion that evokes the perception of an edge where there is
none (von der Heydt et al., 1984). Fig. 2 depicts a well-known example of this.

The task was therefore to recognize this illusory contour in the PIV raw data. Unfortunately, in contrast to the visual
perception of human beings, identifying such contours poses a significant challenge to image recognition algorithms. All
existing algorithms show specific shortcomings, as described next.

Edge detection as done by Bröder and Sommerfeld (2007) cannot be employed in this study, as there is no visible edge
present in the image. Shape-matching of the whole body shape by (cross-)correlation (Gonzalez and Woods, 2008) could
perhaps be done using numerous pre-processed bodies at various pitch angles and flexures, but seems impractical due
to the sheer amount of cases that would need to be stored and loaded for this purpose. Feature matching would simplify
the matching process by breaking the shape into smaller pieces (Jeon and Sung, 2011); however, the size of these pieces
needs to be chosen according to the bending gradient of the foil. It is unclear whether these small features could still
match at the end the overall foil geometry since, the smaller the representation, the more local seeding density will vary.
Some spatial averaging would probably be required at the end, interfering with the procedure. Additionally, the occasional
occurrence of outline reflections might lower the recognition ability.

Radon transform has been used with success for wave detection (Sanchis and Jensen, 2011), but is not straightforward
to implement when handling closed objects. It would be necessary to either split the upper and lower surface of the foil
before recognition or to reliably discern between the two from the results of the Radon transform. Otherwise, it would
be unclear whether the recognized section comes from the upper or lower surface of the foil, and a closed body would
not be suitably reconstructed.

The local variance of the illumination, as applied by Weheliye et al. (2012), was applied in this study as well; however,
the method was not able to distinguish with sufficient accuracy between the body and the fluid.

A somewhat related masking challenge successfully used region-growing to delimit the particle-containing area (Dussol
et al., 2016). However, our own results with this approach were disappointing: the seed density was not high enough to
reliably return the shape of the foil.

The strongest bias comes from the foil’s shape, while another comes from its non-homogeneous composition, with a
rigid part at the leading edge (between position 0 and 0.25 on a normalized mean line (C)), and a flexible part between
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Fig. 3. Clamped beam as mechanical model for the flexure of the foil.

Fig. 4. Processing steps of the implemented algorithm for an exemplary foil position during its movement.

0.25 and 1 C. The pivot point lies at the interface between the two sections (at 0.25 C) and is located on the mean line
(synonymously used for camber mean-line or camber line), which is the locus of points midway between the upper and
lower surfaces.

The design considered in the study is shown in Fig. 1. Concerning foil thickness, the 4-digit NACA convention (Jacobs
et al., 1933) will be used subsequently. It defines the thickness to be the distance between the upper and lower surface
along the line normal to the mean line.

3. Procedure

Knowing the flexible and rigid sections of the foil, the neutral axis chord of the profile was modeled under the
assumption of a clamped beam with its behavior described using the Euler–Bernoulli beam theory and illustrated in
Fig. 3.

Even though the real structure is a plate rather than an Euler–Bernoulli beam, the primary objective of the experiment
was to implement a case that allows for a simplified 1D model of the structure within a 2D flow that we measured using
2D2C high-speed PIV. 3D structural effects are generally present in the real system and have been investigated thoroughly
in Hoerner and Bonamy (2019). For the method presented here, they have been considered to be negligible here, as we
evaluate the hydrofoil only in the light sheet of the PIV system which has a thickness of less than 2 mm. The foil’s outline
was computed with the respective distance from the neutral axis for each point along the chord. Example images produced
by each of the individual steps of the procedure are shown in Fig. 4.

The proposed method performs the subsequent steps to detect and mask the profile cross-section in a series of image
processing stages:

Denoise, Stack & Binarize Frames (Fig. 4(a)): Initially, the image is denoised by setting a relative threshold, which
regards pixel values above a certain percentile of the distribution of all pixel values within the image as signal
and below as noise. Thereafter, consecutive frames are stacked to increase the difference in seed density between
the flexible foil and the surrounding fluid. However, this step must be carefully implemented; while it increases
recognition accuracy, it simultaneously reduces temporal resolution. Excessive stacking of frames blurs fast
movements of the foil, thus diminishing detection accuracy. For subsequent processing with binary kernel operators,
the image is binarized where anything above 0 is set to 1. Additionally, the image is cropped with a static window
to the area of interest around the foil body to improve performance.
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Assess Local Illumination Density (Fig. 4(b)): To assess the seed density within a certain area of the image, a convolu-
tion is applied with a matrix that contains ones exclusively arranged in a round shape. This is done by shifting this
matrix or kernel successively over the image, multiplying corresponding elements, and summing them to create a
new image. The area is regarded as foil body if it is above a threshold, or surrounding fluid if it is below, in our case
best results are achieved if this threshold is 1. This method is comparable to the so-called majority filtering proposed
by Dussol et al. (2016) and can be found in the reference work regarding digital image processing by Gonzalez and
Woods (2008, p. 728). The associated threshold depends on the aggressiveness of the noise removal done in the
previous step. In our case, the best strategy was finally found to denoise aggressively and put the threshold at 1 –
the whole window will be regarded as fluid if one pixel is active.

Postprocess the Obtained Shape (Fig. 4(c)): Despite the foil body being recognized, holes within that body and islands
within the fluid remain. In some parts of the fluid, no seed particles are found, while reflections within the foil body
lead to falsely recognized fluid. The resulting artifacts are removed by morphological processing using the open-
source toolbox called Scikit-image (van der Walt et al., 2014): The holes in the body are removed by binary closing,
a combination of a binary dilation followed by a binary erosion; this also smoothens the shape. The islands in the
fluid are removed by evaluating the size of all islands and remove all but the largest, the foil body. Unfortunately,
as a result of the smoothing, the narrow leading edge got unintentionally removed as well which will be corrected
in the proceeding step.

regions

Retrieve Meanline To compute the meanline, a Laplace filter first obtains the outline of the body. Then, for each index
along the chordwise axis, the mean of the upper and the lower value is computed to obtain the meanline. As a
result of the preceding binary closing operation, the trailing edge got removed. To restore it, the whole meanline
is fitted with a third-degree polynomial fit which is extrapolated towards the trailing edge. This bending model
stems from the assumption that the carbon-fiber composite can be considered to behave like a beam, clamped in
the aluminum head, and bent by an end-load force. This is a standard case from the Euler–Bernoulli beam theory,
in which the deflection curve is an exponential function of the third order. Several assumptions are required for
this model: the beam must feature a constant bending stiffness, the elasticity must be linear, the bending must be
purely axial, and the diameter must be invariant during flexure. In the case at hand, these premises were found to
be met with negligible error (Hoerner et al., 2019). To give the meanline the correct length, it is first measured from
the pivot point which serves as a fixed reference and then cut to the length known from the design specification.

Incorporate the Physics (Fig. 4(d)): Since the profile head consists of aluminum no bending occurs in this section. Thus,
the mean line at the head is a straight segment with an inclination equal to the instantaneous pitch angle.

As data regarding the pitch angle exists from the drive’s position feedback, the mean line between the rigid head
and the pivot point is replaced by a straight line at the instantaneous pitch angle. To achieve a smooth transition
between the two sections of the meanline, sample points are taken along both segments. All points are then fitted
with a single polynomial fit of 4th order to account for the additional points in the rigid section. All points are then
fitted with a single polynomial fit of 4th order to account for the additional points in the rigid section. An analysis
of the data revealed negligible differences between 4th order and higher order fits, accordingly the lowest fit order
was chosen. The amount of sample points is guided by the number of distinct samples needed to inconspicuously
describe a linear regressive function. This is equal to the number of parameters that are estimated, as each sample

reduces the degree of freedom in the linear system of equations by one. As shown by ŷ = β̂0+β̂1x1+β̂2x
2
2+· · · , the

amount of parameters is equal to the degree of the fit function plus one. In our case, this leads to 4 sample points
for the flexible section and 2 for the rigid section. However, the density of sample points from the rigid section is
increased compared to the flexible section, as the confidence in the accuracy of the data is higher; shown in Fig. 5
for the rigid front section of the profile. To locate the interface between the flexible and the rigid sections in the
image as well as their respective beginnings and endings, the pivot point served as a reference.

Mitigate Image Recognition Errors: The points obtained from the mean line are filtered using a two-way (to remove
an artificial phase shift), second-order low-pass Butterworth filter along the time axis (critical frequency/sample
frequency = 0.1). This is done separately for both directions (x and y) in the image along the time axis. This process
removes sudden jerks which can be considered as beyond the range of motion or acceleration and as an additional
bias for the model. No filter was employed along the mean line itself, as this would violate the model assumptions.

Combine with NACA-Model & Postprocess (Fig. 4(e)): Using the mathematical description of a NACA0018 model, vec-
tors from its mean line to the corresponding outline point were obtained. The number of points in the synthetic
mean line was chosen equal to that of the recognized mean line. In consequence, for each point on the recognized
mean line, a surface normal was computed and multiplied by the distance between meanline and outline of the
undeformed NACA model from that particular chordwise position. The resulting vector was shifted to its respective,
actual point along the mean line. In this manner, the NACA shape with the initially linear meanline can be projected
onto the deformed mean line, as depicted in Fig. 6 (Left).
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Fig. 5. The computed points along the mean line are shown interpolated by a 3rd-degree polynomial fit in a stacked frame. The seed particles are

dilated for better visibility. Concerning the frontal rigid section, a larger number of points has been set to increase its relative effect in the fit.

Fig. 6. (Left) Computation of the outline by the use of surface normals obtained from the NACA model; (Right) Angle of attack used in the comparison

between measurements. The angle of attack is defined as the angle between the relative flow direction and the chordline. The chordline is defined

as the straight line connecting the leading and trailing edges.

The source code has been made public and is available online,1 licensed under GPLv3. It is written in Python and makes
extensive use of the scipy.ndimage library (van der Walt et al., 2014), as well as of the Numerical Python (NumPy)
package (van der Walt et al., 2011). The processing of 16,500 frames – the entire film length of the setup – with an
output of one mean line for each frame, takes less than 20 min using an Intel Xeon CPU E5-2630 v3 at 2.40 GHz on a
single thread. Generating and applying the respective mask takes about 5.5 h on the same system. This indicates that
the bottleneck for the computation occurs in I/O operations, primarily from loading and saving the masked images to
disk through a network drive. While the code is written for parallel execution, the parallelization is not implemented in
practice, since performance gains are not to be expected as a consequence of the I/O limitation in the study presented
here.

The framework with which the PIV computation was achieved, FluidImage (Augier et al., 2016), natively supports image
pre-processing. This would allow for masking of the images without writing them to storage. After computing all mean
lines, these lines could be saved and later accessed by FluidImage to create the instantaneous mask. Using this approach,
high-performance gains are expected. The implementation of this parallelization feature will be considered as well as an
integration of the source code into the FluidImage project in a future study.

4. Results & discussion

To assess the accuracy of the results, the algorithm is employed on synthetic data. This allows for a quantification of
the limits of the methodology by implementing a stepwise reduction of the seed density.

1 https://github.com/ikoesters/FSI_tracking
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After the validation, the method is applied to real data of a rigid hydrofoil (with an exactly computable position), and
finally on a flexible hydrofoil test case, where a qualitative assessment is performed.

4.1. Method validation with synthetic data

A significant factor in the usefulness of the method is its robustness regarding variations in seed density. Thus, an effort
was made to quantify the influence of this parameter. The term summation window is used here for a convolution kernel
consisting entirely of ones; effectively summing up all values within the window and storing the result in the window’s
center. The step size of this window, also called stride, is one pixel. The proposed method was employed on images
considering different seed densities; additionally, a second parameter controlling the size of the summation window
within the segmentation algorithm was set independently to study whether a larger window could counterbalance lower
seed densities. To vary the seed density in a controlled and accurate manner, synthetic data was generated with a visual
resemblance to the images for the final test case. A simple generation algorithm was chosen to reduce the underlying
variability.

The algorithm first randomly initializes an array, serving as the particle-seeded background of the image. This array is
binarized with a high threshold, resulting in a sparse particle seed with an area of 1 px each. Afterward, the array is dilated
with a 3 × 3 px kernel for a realistic seed particle size and brightness variation. Different brightness emerges in cases
where seed particles are generated in the direct vicinity and overlap. In the resulting image, these particles get deleted
within an area corresponding to the geometry of a four-digit NACA profile (NACA15-5-18) according to Jacobs et al. (1933)
to produce an illusory contour at a high inclination angle, somewhat comparable to the real data set (see raw images
underneath the boxplot in Fig. 7 for an illustration). This specific shape was chosen as it was manually determined from
high-speed recordings of the load-deformed hydrofoils in the study at hand. The inclination angle of this foil is quantified
by the angle from the leading to the trailing edge relative to the horizontal plane (as shown in Fig. 6 (Right)), which we
will subsequently call the angle of attack. Its real value in the considered problem is 24.2° from the pivot point or 0° from
the leading edge to the trailing edge.

Additionally, reflections and other false positives are added with the same method as the generated seed, but with an
adjusted threshold. The area of a reflection is 1 px2 with a value that is sufficient to trigger the algorithm; their number
was chosen to visually resemble the real data at hand. This results, on average, in 3 (mean = 2.98, std = 1.84, N = 500)
false positives, which amounts to an error rate of 50 ppm in relation to the foil size in pixels. A total of 100 images per
seed density with randomly distributed seed particles were computed, without altering the foil shape or position over
this period to give consistent and comparable results. The accumulated seed density in the real data can be freely chosen
as a first step when employing our method, by controlling the number of stacked images in the process. Here, the seed
density was set between 200 − 750

particles

(100×100) px2
; the recognition quality below the lower limit is not adequate, while an

excessive number of stacked frames would be necessary to exceed the upper limit. For the final example considered in
our work, this range represents a stack size between 4 and 10 images, which is realistic. It should be noted that this leads
to a time-averaging filter comparable to a rolling average in the deformation measurements, with a window in the stack
size. To provide a realistic and conservative measure of the capabilities of the method, we chose a static case that does
not employ any low-pass filtering, as cut-off frequency and gain are application-specific parameters. Lower movement
speeds could potentially benefit from a reduced cut-off frequency, resulting in improved outcomes. Our decision to employ
a static case without any filtering was made to circumvent this issue; this overestimates the error.

Fig. 7 shows the recognition error (y-axis) of the algorithm in relation to different seed densities (x-axis) and the size
of the summation window (colored bars). In the application at hand, the effective angle of attack for the deformation
assessment is of interest, while for evaluating the masks we use intersection over union (IoU) as a metric, a similarity
measure that computes how much two masks intersect relative to the area. It is the method performance measures in
object detection commonly based upon (Rezatofighi et al., 2019-06). Additionally, we include the root-mean-square error
(RMSE) to allow comparability to other methods.

It can be observed that within selected parameters the algorithm shows good performance over a wide range of seed
densities. However, an average error of about 1° was observed in all cases. As can be seen in Fig. 9, the angle of attack
and the error on it are positively correlated. Since the foil only briefly reaches high angles of attack in the designated
application, this level of error was considered uncritical, and no further effort was spent to investigate the source.

If the algorithm was to be applied, this problem can be circumvented by a correction function as the error was
systematic and reproducible. However, to allow comparability this has not been done here.

While the larger window size has an increased chance that seed particles are present similar to a higher aperture of a
camera, the greater size reduces the resolution of the segmented image available for the subsequent algorithm steps which
diminishes the recognition quality. Additionally, the particles placed inside the structure have a much more pronounced
effect. This can be observed at the lowest two seed densities where the medium-sized window balances out both effects
and achieves the best error rate. At higher seed densities the benefit of the greater size diminishes and the smallest
summation window performs markedly better than the others. The best results are therefore a trade-off between the
two opposing effects and have to be determined in the specific case. The outliers within the investigation marked with
diamonds, would likely be corrected by the low-pass filter, exploiting the structural similarity within small sections of
the time-domain.
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Fig. 7. Detection quality in relation to seed density and summation window diameter. The metrics used in our analysis include the difference in

angle of attack, the intersection over union (IoU) for evaluating mask accuracy, and the root-mean-square error (RMSE) of the x–y distance between

the true and identified points. Whiskers represent 1.5× IRQ (interquartile range), sample size is 100 images each. Recognized foils are shown below,

selected from different source images to illustrate their respective differences.

In the next step, the impact on the recognition quality of regions with a reduced seed number density due to flow

detachment or in a wake was simulated in a dedicated investigation. The image was artificially separated into two regions

having distinct seed densities, with an interface roughly located along the camber line. The difference in the seed density

was adjusted dynamically, the sparser side containing 66% of the density on the dense side. This ratio was derived from

observations of real data, where a manual count performed on multiple regions and images produced an average seed

density of around 75
particles

(100×100) px2
in the attached flow, compared to 50

particles

(100×100) px2
within the detached flow before

stacking the frames to accumulate the seed density.
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Fig. 8. Detection quality between a simulated region with low seeding density (detachment, wake) compared to the region with normal seeding

density (attached flow). The seed density on the horizontal axis is that of the dense region. Whiskers represent 1.5 × IQR, the sample size is 100

images each.

The lower bound of 300 for the seed density in the tests was chosen as this results in a density of 300 ×
66% = 200

particles

(100×100) px2
in the detached flow. Higher measurement uncertainty is present in all investigations of the wake

case, as can be observed in Fig. 8. Additionally, the bias observed in the last comparison is present as well, best visible in

the densely seeded cases which experience low variance. If the value of 1° is assumed to be the correct measurement, the

largest deviation of the 1.5×inter-quartile range (IQR) which includes 99.3% of all values is used as a rough estimate of

quality. The largest difference is observed in the case with the lowest seed density where the largest deviation of the wake-

case is 1°, while the non-wake-case experiences 0.5° leading to a disparity of 0.5°. Both were evaluated as non-significant

for our case. In an exciting recent advancement, another solution to the problem of illusory contour segmentation problem

has been proposed (Li et al., 2021); through creating an unstructured mesh in which each tracer particle represents a node.

As the seeding density within the other phase is lower, the edges between nodes are longer and are removed through a

threshold. Now unconnected nodes are pruned and a smooth curve is subsequently fitted over the division.

4.2. Application on real data

As aforementioned, experiments involving a hyper-flexible NACA0018 hydrofoil subjected to forced oscillation within

a closed water tunnel at the LEGI laboratory in Grenoble have been performed (Hoerner et al., 2019; Hoerner and Bonamy,

2019; Hoerner et al., 2020, 2021b,a). The hydrofoil had a chord length of 66mm, yielding a chord-based Reynolds number

of Re = 200,000 when subjected to a flow velocity of 3m s−1. The forced oscillation was controlled by angle, following

a predetermined trajectory that mimicked the flow experienced by a blade in a vertical-axis water turbine. The angle of

incidence ranged from −30° to 30°. The entire experiment including set-up, blade models, and the resulting flow fields

can be found in Hoerner et al. (2021a). To start with a validation case with known geometry, the algorithm was first

employed on the rigid version of the foil. In that case, the mean line can simply be computed from the position feedback

of the driver encoder, since no significant deformation occurs.

In Fig. 9 shows the mean measurement error in comparison to the position feedback from the driver encoder, with a

mean absolute error of 0.84°. It has an apparent periodicity with the same frequency as the position feedback, however

with a phase shift. Tests performed on a limited amount of different motion trajectories and frequencies could not yield a

common set of parameters to fit their distinct error function. It was decided against a correction function, as the mechanics

behind the error could not be narrowed down. However, the overall magnitude of the error correlates with: a) occurrence

of detached flow and (b) occurrence of reflections inside the foil. The sensitivity to detached flow has been studied with

the help of synthetic data earlier and is also a challenge for the cross-correlation algorithm of the PIV algorithm. In a test

case with static stall conditions, the most unfavorable conditions, the mean absolute error reached 2°. There is by the

knowledge of the authors currently no available method to put this method into perspective. Dussol et al. (2016) used

a very similar technique, however a validation of the segmentation accuracy was not performed. Hoerner and Bonamy

(2019) used structured light to measure the deformation in 3D, while also performing a validation. They report a mean

absolute error of 0.66mm over a profile with a 66mm chord line, which translates to an angular error of 0.01°. Even
though this error is almost an order of magnitude lower, it requires a separate measurement setup while also being

mutually exclusive to the PIV measurement due to the necessity of a reflective surface of the body.
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Fig. 9. The orange line shows the mean measurement error (right ordinate) over a full period at 3.1Hz from a rigid hydrofoil averaged over 12

periods with the faded area representing the minimum and maximum value for each step. The blue line shows the sinusoidal position feedback

from the drive system for comparison (left ordinate). (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.)

Fig. 10. Due to the eigenmodes of the structure, the body section closer to the camera’s point-of-view occludes part of the deformation along the

focal plane. Here, only one single eigenmode is shown for a better visibility. Mask after applying the linearly decreasing protrusion (i.e., artificial

thickening).

4.3. Productive use in a flexible foil setup

Expanding on the aforementioned experiment, a highly flexible foil was used to investigate dynamic stall conditions

between rigid and flexible foils. The dynamics of the dynamic stall event which occurred at every period of the enforced

motion trajectory lead to a stochastic component in the deformation of the foil in the time domain. This made it impossible

to independently quantify the accuracy of the method in this case without a second calibrated measurement data source.

However, considering the previous investigations on the synthetic data of highly deformed foil and the tracking of a rigid

foil on real data which yielded similar results, we can be confident about the adequacy of its performance. This was

supported by visual inspection of the masked footage, which showed good tracking but revealed an apparent mismatch

between the shape of the trailing edge in the footage and the mask. We determined this to be a result of the span-wise

bending modes of the foil, as shown in Fig. 10(a). To account for this effect in the masking procedure, the recovered NACA

shape was artificially enlarged by summation of a linearly decreasing term starting from the trailing edge, as shown in

Fig. 10(b) for the final mask. Fig. 11 shows the combined PIV and FSI analysis for a flexible hydrofoil. While the diagram in

the middle provides the reduced angle of attack due to the passive flow adaptation (blue line) for the instantaneous pitch

angle of the blade (orange line). The diagram is embedded in the corresponding flow fields from the 2D2C high-speed

PIV for particular points of interest during the oscillation period. The mask and the deflection were calculated with the

methods at hand.

5. Conclusions

In this work, we showed that conventional image recognition can be constrained by physical assumptions of the system

to greatly improve the recognition quality. The mentioned assumptions include kinematic assumptions on the bending

shape, a dynamic assumption regarding the maximum oscillation frequency and morphological knowledge about the soft

body. The benefit of the method is twofold: (a) providing a simple way to simultaneously measure the flow field and

structural deformation with a single measurement, (b) creating the masks of the soft body undergoing FSI, which is a

necessary part of the PIV analysis. The uncertainty of the method was found to be small enough to derive meaningful
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Fig. 11. Combined FSI and PIV analysis from a single image source. A hypothetical rigid blade for comparison to illustrate the degree of deformation.

conclusions for relevant FSI configurations. In a case study with a rigid hydrofoil actively pitched between −30° to 30°,
the mean absolute error in the angle of attack was found to be sufficiently low at 0.8°. The presented method has already
successfully been used in a recent FSI study to investigate the benefit of passive flow control with the use of a hyper-elastic
structure (Hoerner et al., 2021b,a) by exploiting the mentioned benefits. However, certain requirements need to be met
to yield satisfactory results: the body itself cannot be reflective or have reflective parts and sufficient particles need to
be present for differentiation between body and surrounding in the image recognition step. Additionally, the method
necessitates sufficient body thickness, rendering it unsuitable for elastic sheet models. An alternative approach, like the
one used by Dussol et al. (2016), which leverages abrupt light intensity variations due to PIV light sheet scattering may
be more fitting in this case. The subsequent enhancement of recognition through a kinematic model, as shown here,
remains relevant. The sensitivity of the algorithm regarding the latter requirement was investigated through synthetic
data controlled for seed density, as well as a wake case discrepancy in the seed density between the hydrofoil sides.
Additionally, a naive approach to adapting the image recognition step to low seed densities were investigated by enlarging
the kernel size, comparable to pupil dilation in low-light situations.

The method is set up in three distinct steps: (1) kernel-based image recognition, which is high in noise and can fail
spectacularly in cases with an ill-arranged combination of reflection within the foil, (2) constrain the bending shape of
the chord line to comply with the Euler–Bernoulli beam theory, (3) constrain the dynamic behavior of the deflection with
a low-pass filter, (4) surround the obtained chord line with the known shape of the soft body.

As a next step, the method should be validated directly and quantitatively for flexible structures, either using
laser interferometry along the trailing edge following (Ducoin et al., 2012), or by laser triangulation as implemented
by Kalmbach and Breuer (2013).

Those steps will allow broader use of the method presented here, helping with the analysis of PIV data in fluid–
structure experiments and soft actuation or flexible underwater robotics. The proposed method may be uniquely suitable
to assess the kinematics of damaged flexible blades. For example, to assess blade motion before, during, and after impact
damage with debris or after fatigue. This would allow for a more rapid laboratory assessment method for testing and
validating the implementation of self-healing materials and condition monitoring for flexible blades in the future. Linking
changes in the dynamic behavior to damage in a soft robotic gripper has recently been shown successfully with a nearly
perfect detection and a 97% localization accuracy (Abdulali et al., 2022).
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A B S T R A C T

Hydropower is a key source of electricity that can negatively impact aquatic ecosystems. Fish passing
downstream through hydropower facilities may face increased risks of injury and mortality from mechanical
collisions with hydraulic structures and machinery. Laboratory tests provide a controlled environment to
evaluate turbine blade strike risks, studying injury and mortality in live fish. Previous laboratory blade strike
rigs vary substantially in design and implementation, lacking a standardized approach with controlled blade
velocities for cross-comparable results. To address this, we propose an open laboratory blade strike test rig
with electronically controlled blade velocities (1–10m s−1). In addition, rigid sensor tests were performed to
investigate the recommendation that 95 g is suitable to assess the severity of the blade strike, which was
exceeded at strike speeds as low as 1m s−1. This work is significant because it provides the hydropower,
engineering and biological communities with the first open and standardized method to evaluate blade strikes
on fish and sensor probes. The proposed test rig enables gathering biological threshold data to estimate injury
and mortality to live fish, assessing turbine blade design for improved fish safety, and increasing sensor probe
accuracy without relying on live fish field studies.

Introduction

Hydropower is a key source of electricity for base load power gen-
eration and plays a vital role in stabilizing electric grids, particularly in
systems with a high share of renewable energy sources [1]. Despite the
indisputable benefits of hydropower and the urgent need for resilient
renewable energy infrastructure, the negative impacts of hydropower
on river ecosystems has become increasingly evident, particularly on
entrained fish [2,3], which can experience mortality rates exceeding
the population’s replacement rate, potentially leading to population
collapse [4]. Hydropower has been identified as one driver behind a
decline in migratory aquatic species through river fragmentation [5],
affecting both potamodromous (solely living in fresh water) and di-
adromous (migrating between the sea and fresh water) fish species [6].
Many operators, manufacturers and authorities have made efforts to
mitigate the environmental impact of hydropower in the last decades,
and legislation puts increasing pressure on its operators by enforcing

∗ Corresponding author at: Laboratory of Fluid Dynamics and Technical Flows, Institute of Fluid Dynamics and Thermodynamics, Otto von Guericke University
Magdeburg (OvGU), Universitaetsplatz 2, 39106 Magdeburg, Germany.

E-mail address: wolf.koesters@ovgu.de (W.I. Kösters).

measures for safe fish passage as through the Water Framework Direc-
tive in the European Union [7]. The importance of these challenges is
also reflected in the fact that fish safety is presented as a key feature
in the innovative in-stream turbines over classical hydropower [8].

In spite of the associated environmental impacts, the number of hy-
droelectric plants continues to rise, with 3909 hydropower plants under
development as of 2022, representing 9% of the total capacity installed
to date [9]. Yet half of all hydroelectric power plants worldwide were
constructed over 40 years ago and are due for modernization [10],
providing an important opportunity to introduce new turbine designs
to reduce their environmental impacts. Examples of innovative turbines
include the minimum gap runner turbine [11], Alden turbine [11,12],
the very low head turbine [13] and the restoration hydro turbine [14].

In some cases, bypasses can be built which provide fish the oppor-
tunity to migrate around hydroelectric facilities, including fishways,
bypasses, and screens. However, such mitigation solutions, such as
surface bypasses, may be difficult to evaluate across study sites due to

https://doi.org/10.1016/j.seta.2025.104427
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Nomenclature

𝛷 Angular rotation

𝑑rotor Rotor diameter

𝑟 Coefficient of determination

𝑠travel Length of relevant blade travel length

𝑥𝑖 Peak acceleration magnitude value from a
single experiment

𝑋sv Array of peak acceleration magnitude val-
ues at one strike velocity

BDS Barotrauma detection system

CAD Computer-aided design

CFD Computational Fluid Dynamics

CV Coefficient of variation

EPRI Electric Power Research Institute

HBET Hydropower Biological Evaluation Toolset

L/t ratio Fish length to blade thickness ratio

MAD Mean absolute deviation

MSWR Minimum strike window requirement

ORNL Oak Ridge National Laboratory

PC Polycarbonate

PCB Printed circuit board

PU Polyurethane

RAPID Robust Autonomous Pressure and Inertial
Device

RETERO Project name

RPM Revolutions per minute

a lack of standardized performance criteria [15]. Recent field studies
have shown that at some sites, between 35–88% of fish passed through
the turbine despite the presence of bypasses and the installation of
fine screens [16]. Additionally, such structures can result in elevated
predation rates at these choke points [17].

Once entrained in a turbine, fish mortality is typically high: in a
study summarizing 249 experiments reported in 91 studies on down-
stream migration through hydropower turbines in North America and
Europe, Radinger et al. [18] estimated the average mortality rate at
22.3%. Even sites employing new turbine designs, such as the previ-
ously mentioned very low head turbine, can still result in considerable
passage mortality [19]. In cases where the mortality rates from turbine
passage are higher than the reproduction rate, populations may face
a risk of collapsing. To estimate large-scale impacts, ecological risk
screening at the population level can be carried out using the European
Fish Hazard Index (EFHI), developed by Van Treeck et al. [4].

Live fish tests remain the state-of-the-art method for assessing and
quantifying the risk of injury and mortality to fish during down-
stream turbine passage, which is reflected in the current draft for a
European standard [20] and the national Dutch standard [21] from
2020. Furthermore, such assessments may be mandated as a con-
sequence of national regulations and policies such as the European
Water Framework Directive [7], as hydropower operators are required
to meet legal obligations related to their ecological impacts. A key
advantage of using live fish is their ability to account for all sources
of mechanical injury and mortality during passage, including baro-
trauma, shear, and collision events such as pinching, grinding, and
blade strikes [22,23]. However, live fish tests can be prohibitively
expensive for small hydropower plant operators and are subject to
increasing ethical concerns, as demonstrated by the restriction of such
tests in Switzerland via the Animal Welfare Act [24] and the Animal
Experimentation Ordinance [25]. Additionally, live fish field tests only
provide the cumulative outcome of physical damage, making it difficult

or impossible to infer the precise locations within the hydraulic struc-
ture and machinery where damages occur, and can be highly species-,
size-, life stage-, site- and operation point dependent.

To address the limitations and shortcomings of live fish testing, re-
searchers have developed numerical models to investigate the hydraulic
conditions to which fish would be exposed [26–30], which is a valuable
guide for the design of environmentally enhanced turbines [31] and
pumps [32,33]. However, the flow field in hydraulic machinery is
extremely complex, and computational fluid dynamics (CFD) models
require physical validation. Furthermore, most current CFD models do
not take fish swimming activity into account.

Sensor probes, which were first patented by researchers at the US
Army Corps [34] to study fish behavior near hydropower intakes.
Subsequently, the ‘Sensor Fish’ was developed by Carlson and Duncan
[35] for turbine passage studies and was later enhanced by Deng
et al. [36] and Deng et al. [37] to measure the physical environment,
focusing primarily on pressure, acceleration and rotational rate. These
measurements have since been used in several studies to assess dam
hydraulic conditions in situ (e.g. [38–42]) and to investigate new or
unconventional turbine designs [43–45]. They have also been used to
estimate the risk of barotrauma in juvenile salmon [46], including a
recent improvement which includes a dynamic model of swim bladder
size as proposed by Kerr et al. [47].

A significant limitation of passive sensor probe devices is their
inability to account for fish behavior, which has been demonstrated
to substantially influence outcomes. Geiger et al. [48] investigated
the influence of behavior of river trout (Salmo trutta fario) on turbine
passage mortality by conducting experiments in a model laboratory
turbine. They modified fish behavior by either sedating the fish or
using a device that induced an electric field at the turbine intake. Their
findings demonstrated an approximately 50% reduction in mortality
rates for fish of 15 cm and 29 cm length in the electric field group com-
pared to the control group. Sedation also reduced mortality, although
its effect was smaller yet still significant. Additionally, Vowles and
Kemp [49] studied the influence of lighting conditions on the passage
of brown trout (Salmo trutta) and reported substantial delays due to
avoidance behaviors triggered by light exposure. Nonetheless, passive
sensor probes are increasingly employed to quantify hydrodynamic
parameters beyond their original application in hydraulic machinery,
supporting broader fish-protection research efforts — such as recent
investigations into closed-conduit systems [50].

To establish an equivalent model for shear events, Deng et al. [51]
measured the acceleration and subsequent mortality of smolts subjected
to shear flow induced by a high-velocity water jet. High-speed cameras
measured the whole-body movement of the fish, from which velocity,
acceleration, and jerk were calculated and compared to respective
mortality for each velocity of the water jet. Based on these experiments,
they classified events by peak acceleration magnitude of the sensor
probe into three risk categories: low (25–50 g), medium (50–95 g), and
high (greater than 95 g) for shear and collision events, distinguished
by their magnitude and duration [38]. Events with a duration of less
than 7.5ms, measured as at least 70% of the maximum value, were
classified as collisions, while those exceeding 7.5ms were considered
shear events. In addition to the development of this method [51],
further information can be obtained in Richmond et al. [52], where fish
and sensors were subjected to the same shear conditions and fish mor-
tality was correlated with the full-body sensor acceleration. The results
of this study were presented as a logistic regression with confidence
intervals for the probability of minor and major injuries. However, the
interpretation of the boundaries for these classes remains unclear as
in one shear case (slow fish – fast water) 95 g the logistic regression
curve already predicts major injuries with a mean probability close to
100%. Finally, these thresholds were also applied for collision events,
even though the sensor did not experience a shock event during shear
flow in the same way as it would have experienced during a collision.
Thus, the use of the 95 g threshold may lead to an overestimation
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of the severity of collision events as highlighted by Bercovitz et al.
[53]. To further investigate acceleration thresholds, the authors have
presented preliminary results from laboratory strike rig experiments
related to acceleration maxima on 10 cm long 2.5 cm outer diameter
plastic cylindrical sensors [54].

Currently, the acceleration-threshold concept, based on Richmond
et al. [52] and introduced in Deng et al. [38], remains as the most com-
mon methodology to assess the severity of blade strike events; however
an alternative based on the kinetic energies of translation and rotation
was proposed in Pauwels et al. [44]. The acceleration-threshold model
of Deng et al. [38] is used by the commercial software ‘‘Hydropower
Biological Evaluation Toolset’’ (HBET) [55] accompanying the ATS
Sensor Fish [37] to evaluate the passage through hydro-structures. With
over 520 publications (using Google Scholar with the keyword ‘‘Sensor
Fish’’), this device can be estimated as the most widely used and is
the only commercialized sensor model. It samples data at 2 kHz using
a 3-axis gyroscope, a pressure sensor, and a 3-axis accelerometer with
a measurement range of up to 112.5 g. The device has a cylindrical
shape with a diameter of 24.5mm, a length of 90mm, and is neu-
trally buoyant at 43 g [36] Recent publications using the 95 g rule for
collisions [41,43,45,56] illustrate its widespread application, despite a
clear validation case of the 95 g criteria based on field or strike rig lab
studies.

To address the absence of a biological response model for turbine
blade strikes on fish, data from existing blade strike experiments con-
ducted over the past three decades [14,57–62] can be used to link
relative blade strike velocity with injury and mortality.

These blade strike rigs can be broadly categorized by their design
as either electric motor-powered or spring-driven, and by their motion
as either rotary or linear. The original design by Turnpenny et al. [57]
featured a spring-driven blade with linear motion, although detailed
replication information is scarce [63]. In 2007, Hecker et al. [64] em-
ployed a motor-powered linear motion rig, subsequently called Alden
rig, identifying a key relationship between the blade-to-fish length ratio
and mortality, and establishing the now-standard semicircular blade
shape. A decade later, Bevelhimer et al. [63] introduced a compact
spring-powered rig with rotary motion, subsequently called ORNL rig.
Their extensive research on strike angle, location, fish rotation, and
species impact on mortality was later compiled by Saylor et al. [65].
Most recently, Meng et al. [62] presented a rig similar to the ORNL rig
design.

Ideally, these experiments can be replicated with sensors in order
to infer the risk of injury and mortality from sensor measurements,
following a potential methodology illustrated in Fig. 1. In the figure,
the model only accounts for blade speed, omitting the L/t ratio (fish
length to blade thickness ratio), which has been identified as another
critical factor in blade strike mortality [64]. However, just as the model
correlates strike velocity with acceleration, the L/t ratio can be incorpo-
rated the same way. The idea of performing simulated blade strikes on
sensor probes to infer a mortality risk for fish, although not explicitly
proposed, was first introduced by Bevelhimer et al. [59] who performed
strike tests on the Sensor Fish. Recently, Saylor et al. [66] proposed and
tested flexible, fish-shaped sensor probes outfitted with accelerometers
embedded in ballistic gelatin-molded bodies. However, in these studies,
the relative velocity of the blade-strike was not estimated using the
probe data to the knowledge of the authors.

The main contributions of this work are two-fold: (a) provide an
open blade strike rig design, the RETERO rig, that may be used as a
standardized testing and comparison environment for blade strikes on
sensor probes and live fish alike, and (b) evaluate the suitability of the
95 g acceleration magnitude threshold as an indicator of blade strike
severity using sensor probes.

The major findings of this work can be used to collect biological
threshold data required to estimate injury and mortality caused by
blade strikes, aid in the development of new fish-safe turbine designs,
and increase the predictive accuracy of sensor probes to provide biol-
ogists and engineers with a more physically accurate representation of
the frequency and severity of blade strike events in hydropower plants
world-wide.

Fig. 1. Flow diagram illustrating the methodology for inferring fish mortality from
sensor probe data by integrating dose–response studies with a strike velocity inference
model. The sensor’s acceleration time series is connected to fish mortality via the
mediating variable of strike velocity. To enable this inference, data from blade strikes
with known velocities (highlighted in red) is required, the means and methodology of
generating these represents the primary contribution of this work.

Methodology

In this section, we compare the different strike rig designs, outline
the requirements for a new strike rig, describe the proposed system,
and provide a strike test protocol.

Drive system comparison. All strike rigs consist of a single turbine blade
model accelerated within a static water tank. The primary objective of
the rig is not to fully replicate all aspects of the hydraulic conditions
within a turbine, but instead to offer a controlled testing environment
that consistently generates reproducible blade strikes, facilitating the
development of reliable dose–response relationships. We assessed the
main difference in the existing strike rigs to be the drive system, which
are electric motor-driven or spring loaded. The rig from Turnpenny
et al. [57] was excluded in our study due to the difficulty in obtaining
detailed information on their design, as well as the rig from Meng et al.
[62] because the manuscript lacked sufficient detailed comparative de-
sign and performance data. Although spring-loaded design allows for a
more compact and purely mechanical setup, the strike speed cannot be
set directly. Rather, the spring tension needs to be adjusted iteratively
by checking the realized strike velocity and manually changing the
tension according to Bevelhimer et al. [59]. This has to be done for
each velocity and blade type as the drag and probably also the inertia
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of the blade changes. Furthermore, the researchers faced the challenge
of a minimum spring tension that still resulted in excessive velocities,
which was solved by attaching drag-increasing fixtures to the blade
arm for low velocities [63]. A spring-loaded strike arm is also not
able to maintain a stable velocity of the blade after collision, which
can result in a significant decrease in the post-collision blade velocity.
This strike characteristic differs from in-situ turbine blade collisions
where the blade inertia is commonly very high. The motorized system
at Alden Laboratory was therefore not faced with these challenges. The
rig incorporated an additional clutch and brake system. Although the
original rationale for increasing the complexity with these components
was not explicitly stated, it can be inferred that their inclusion reduced
the required distances for acceleration and deceleration, thus allowing
for a shorter basin length. As the motor did not provide feedback, the
researchers used a magnetic sensor to measure the strike velocity. As
in the spring-loaded version, a stable post-strike blade velocity could
not be maintained due to the lack of a closed-loop drive control. The
Alden rig is considerably larger than the ORNL rig with 16.5m versus
0.9m, although this could potentially have been reduced by using a
more powerful motor.

System requirements. We identified a number of design requirements
that are necessary to ensure comparability between sensor strike exper-
iments and live fish strike tests. However, despite differences in their
underlying mechanisms, the results from both methodologies demon-
strated remarkable consistency within overlapping ranges of strike
velocities and fish-length-to-blade-thickness (L/t) ratios, as detailed in
Section ‘‘Design challenges’’. We first chose the database compiled
by Saylor et al. [65] which contains approximately 2300 strike tests
and 250 controls which were not subjected to a blade strike [65]. We
determined the fish retainer, the blade shape and the velocity range
and the repeatability of the strike velocity, which need to be made
as closely as possible as the retainer used in the live fish tests. The
retainer applies just enough force to secure the fish or sensor probe in
place while minimizing resistance to movement during strike. It also
reduces variability in the input conditions but intentionally does not
eliminate it entirely, as illustrated in Fig. 2. The shape of the blade
had a semicircular leading edge, as introduced by Hecker et al. [64]
and adopted in all ORNL rig experiments. The strike velocities of the
ORNL rig range between 6.1–8.2m s−1 with a 52mm blade and have
a coefficient of variation (CV) of maximum 4% of the strike velocity.
In addition, it should be safe to operate even in periods of inattention,
which might arise during the hundreds or thousands of tests performed,
which consist of highly repetitive tasks and can lead to a potentially
higher risk of human error. We strongly encourage the development of
a highly elaborated security concept for this device in case of planned
copy built. Although the authors provide a detailed description of the
measures taken in their lab, they cannot assume responsibility for any
damage or harm in other laboratories.

Design implementation. From this point forward, the developed strike
rig will be referred to as the RETERO rig, named after the research
project within which it was developed. Fig. 2 provides an overview of
the RETERO rig, illustrating the overall setup in the center. The top
section details the drivetrain, featuring the linear motion system, while
the bottom section depicts the sensor probe retaining system prior to a
strike. The novelty of the proposed strike rig is its software configurable
strike velocity, and the capacity to maintain a stable blade velocity
before, during and after the impact occurs. The standoff distance of
about 1m between the basin and the ground accounts for the use of
lenses with standard focal lengths in the high-speed measurement. We
based our design on the motor-powered Alden rig, but improved on it
by utilizing modern electronic hardware; most importantly, by using a
servo drive with closed loop control. Due to its excellent starting torque
and the ability to exert high breaking force, the need for an external
clutch and break system is eliminated. In its software, a position control
algorithm allows for setting up velocity profiles which are controlled

Fig. 2. Overview of the strike rig setup, with key components labeled. During
operation, the blade travels linearly from left to right, striking the sensor probe
positioned in the sensor holder. To minimize drag and splashing, only the blade is
submerged. At the end of its travel, the blade decelerates to a predefined stop position,
controlled by the servocontroller software. For safe operation, all moving parts are
enclosed within acrylic glass, with an access hatch provided for sensor probe placement
and retrieval. The complete setup measures 3.84 m × 0.72 m × 2.61 m (length × width
× height), while the basin alone is 3.04 m × 0.582 m × 0.69 m. Below a labeled
photograph showing the sensor probe positioning prior to a strike. Along the 𝑋-axis,
rotation is not constrained and lateral variation in the positioning is permitted. The
sensor probe is secured before impact using silicon tubes, which apply minimal force
during the strike. The brackets holding the probe are 50mm wide and 99mm high,
with a 60mm gap between them.

and maintained using an encoder from the motor as position feedback
which is fed into a closed control loop. This makes it possible to directly
set the desired strike velocity by the software, without the need to
iteratively find the right configuration. Additionally, through the closed
loop control system, it is able to achieve a high degree of repeatability
in between strikes, either performed consecutively or with intervals
of days or months in between. During blade setup, the maximum
achievable acceleration value must be determined, followed by fine-
tuning the feedback control loops to the highest stiffness setting without
inducing oscillation. This was accomplished using the ‘Slider Tuning’
feature in the servocontrol software (Kollmorgen Workbench), which
provided more effective results compared to the ‘Autotune’ feature.
Finally, it actively compensates for the loss of the post strike blade
velocity during the strike event, which cannot be achieved with Alden
or the ORNL systems as they lack the feedback for a controller. This
mimics a much higher blade inertia, which is closer to reality, while
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Table 1

Summary of the technical characteristics of blade strike rigs used to evaluate the risk of injury and mortality during hydropower turbine passage.
The coefficient of variation (CV) for the Alden Lab rig is an own calculation based on experiment ID 21, identified as the case with maximum
variance in the published data.

Alden [58] ORNL [59,63] RETERO

Length × Width × Height 16.5 m × 0.91 m × 0.91 m 0.9 m × 0.6 m × 0.6 m 3.84 m × 0.72 m × 2.61 m
Drive chain AC motor Mechanical spring Servomotor
Blade motion Linear Circle segment Linear
Blade speed
@ Blade diameter

0–12m s−1 @ 150mm 7.3–12.2m s−1 @ 26mm
6.1–8.2m s−1 @ 52mm

0–9m s−1 @ 26mm

Strike speed estimation Automatic (Magnetic
sensors)

Manual (Motion tracking) Automatic (Motor
feedback)

Repeatability as CV max. 1.8% max. 4% max. 0.12%

Control over fish orientation
& Strike angle

No Yes Yes

Additional features External brake delivers
high breaking force

No electronic actuation
required

High-res position feedback
and blade deceleration
compensation

the high resolution position feedback of the motor is able to precisely
quantify this effect.

The deceleration phase poses the highest risk of damage to the
device itself or injury to the operators during its use, as the stored
momentum of the blade must be safely dissipated. To mitigate potential
damage in case of malfunction, three security measures are in place:
software control ensures the blade stops near the end of its range; a
limit switch positioned beyond this point cuts power to the motor;
and stiff foam blocks at either end absorb the impact, preventing the
cart from striking the frame or the blade from hitting the basin walls.
Despite the aforementioned improvements, the RETERO rig remains af-
fordable at 7000e (see full cost breakdown in the appendix, Table A.3).
However, even though the dimensions are more compact compared to
the Alden rig, with 4.1 m × 0.7 m × 2.3 m, it is not as compact as the
ORNL design.

Test protocol. The RETERO rig test protocol involved either placing
the sensor probe in the holder and activating it there, or turning it on
outside the water and then inserting it into the holder after verifying
it was active. Sensor probes were activated using an external magnet,
which when placed next to the housing in the vicinity of the magnetic
switch, activated the sensor probe. The sensor probes were positioned
laterally onto the strut profile and held in place using two silicone
tubes, so that the blade would strike the middle of the body as shown in
Fig. 2. As the effective impact stiffness of the sensor probe depends on
the orientation of the printed circuit board (PCB) relative to the blade
strike location, the PCB orientation was randomly set for each strike
event. This is necessary to avoid a systematic bias in the accelerometer
readings due to a fixed PCB orientation when the sensor probe is struck.
This is an important aspect to consider when conducting strike tests in
a lab because in field studies, it is not possible to ascertain the absolute
orientation of the sensor probe PCB relative to the blade. By ran-
domizing the orientation, the lab impact data are as cross-comparable
with field data as possible. The longitudinal strike location within the
water tank was determined and confirmed for each strike event using
motor feedback to verify that the sensor probes were struck at the
same position along the blade’s path of motion. Sensor data quality
was evaluated for further processing, to remove outliers that were
indicated by acceleration magnitudes outside the measurement range
or faulty recordings. Data were excluded from the strike evaluation if
the acceleration magnitude peak fell outside of three times the median
absolute deviation (MAD) from the median at that strike velocity, in
accordance with the recommendations of Leys et al. [67,68]. The MAD
is defined as: MAD = median(||𝑥𝑖 −median(𝑋sv)||) where 𝑋sv is the array
of all acceleration magnitude peak values at one strike velocity and 𝑥𝑖

is the peak value from a single experiment at that velocity, hence every
strike velocity produces a different threshold.

The water level was maintained at 160mm above the brackets on
which the sensor probe is positioned prior to a strike, illustrated in Fig.
2. The blade was carefully aligned vertically during attachment, as any

slant would impart a vertical velocity to the sensor probe, potentially
causing it to forcefully hit the bottom of the basin or become airborne.

After reviewing the high-speed video recordings, with exemplary
cases provided in the supplementary material, we conservatively set the
window in which a strike occurs to 20 cm of the blade travel length.
Consequently, the maximum achievable strike velocity is defined as
the velocity the rig can sustain during this interval, with the same or
lower velocity deviation as the rig used by Bevelhimer et al. [63], who
measured the blade velocity immediately before impact. We refer to
this as the minimum strike window requirement (MSWR), set at 20 cm.

Data processing. To combine and process data from the sensor probes,
servocontroller, and high-speed video, a series of Python scripts have
been developed and made openly available.1 These scripts are bundled
into a Python package, which can be installed easily via the Python
package manager pip. The overall workflow, illustrated in the Github
repository, begins by importing the data and checking for corruption
or outliers caused by technical faults or operator errors, as described in
the above paragraph.

The dataset is trimmed to the strike event by identifying the first
collision point where the acceleration magnitude reaches the dynami-
cally adjusted threshold determined in accordance to [68]. This value
is also used to verify data integrity, and then including an additional
4ms prior to this point to ensure no relevant information is lost.

The processed data is then organized along three dimensions: strike
velocity, trial, and time, using the Xarray Python package.2

RETERO rig repeatability

High repeatability between strikes is achieved through a 4 kHz
closed-loop feedback control system between the servocontroller and
motor. To assess the rig’s repeatability, we conducted tests without
a sensor probe, measuring the strike velocity at the impact position
for velocities between 1m s−1 to 10m s−1, with five repetitions per
velocity. The coefficient of variation (CV), used as a repeatability metric
by Bevelhimer et al. (see Table 1), was 0.12% at 1m s−1 in our rig,
significantly lower than their reported 4%. Achieving high precision is
crucial, as we aim for equal or better repeatability to ensure reliable
comparison with previous strike rig study results. Additional metrics
for each strike velocity can be found in Table 2.

Results & discussion

To illustrate the trajectory of the strike blade at velocities ranging
from 1ms−1 to 10m s−1, Fig. 3 presents the corresponding velocity

1 github.com/ikoesters/srdatacombiner.
2 docs.xarray.dev.
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Fig. 3. Blade velocity trajectories from 1–10m s−1 without strike events over the whole range of motion of the system. These trajectories represent standard trapezoidal velocity
profiles in the time domain. The trapezoid shape is determined by the stop position, the acceleration and deceleration, and the velocity, which are manually set during the motor
configuration. Gain factors for the control loop are automatically determined during startup.

Table 2

Overview of the various metrics assessing precision and repeatability across target strike
velocities ranging from 1ms−1 to 10m s−1 at 0.955m along the path of travel of the
blade. The coefficient of variation (CV) is equivalent to the relative standard deviation,
the median absolute deviation (MAD) was normalized by the strike velocity as well.

Target velocity
[m s−1]

Mean [m s−1] CV [%] Median [m s−1] Rel. MAD [%]

1 1.00 0.12 1.00 0.05

2 2.00 0.02 2.00 0.01
3 3.00 0.05 3.00 0.03
4 4.00 0.03 4.00 0.01
5 5.01 0.02 5.00 0.02
6 6.00 0.01 6.00 0.01
7 7.00 0.02 7.00 0.02
8 8.01 0.03 8.01 0.02
9 8.98 0.01 8.98 0.00
10 9.89 0.02 9.89 0.01

profiles over the strike path without collision. Initially, the blade ac-
celerates with 55m s−2 (0–10m s−1 in 0.18 s) to the target velocity,
maintaining it as consistently as possible despite any disturbances.
With a 9.5mm blade, mechanical losses and drag losses combined
use between 4% (1m s−1) and 13%(10m s−1) of the available 30A
power budget, with the remaining power used to overcome the inertia
of the system. These values were calculated on the constant velocity
part of corresponding trajectories without strikes between 1–8m s−1

with a coefficient of determination of 𝑟2 = 0.990. At the moment of
impact, a brief deceleration occurs, which is promptly counteracted by
the servocontroller, increasing the motor power to restore the target
velocity. The velocity loss during the strike was calculated as the
difference between the target strike velocity and the minimum velocity
observed during the strike, ranging from 3.1–5.3% of the strike velocity
measured directly before impact. Finally, the blade decelerates with
57m s−2 and comes to a complete stop at a predefined location. To
investigate performance during strike tests with large and heavy sensor
probes, a trout model (33 cm in length, 620 g) was constructed as
described in [69]. The model is built from a 0.2mm carbon fiber com-
posite sheet as a mid-plane, a body made of two-component silicone
(Zhermack Elite Double 8), and a stiff 3D-printed head.

Example use-case

To showcase a practical application of the strike rig we performed
strike tests on sensor probes. The investigation aims to shed light on
the challenges associated with the use of an acceleration magnitude
threshold to assess the severity of a strike event. In this investigation,
the sensor probe was subjected to blade strikes of 1m s−1 with 30
repetitions each. The position of the sensor probe before the strike

was controlled as shown in Fig. 2. The blade featured a semicircular
leading edge with a 9.5mm diameter, made from 3D-printed impact-
resistant polycarbonate (PC) and reinforced by stainless steel threaded
rods. The sensor probe used is the Robust Autonomous Pressure and
Inertial Device (RAPID), developed at the Tallinn University of Tech-
nology and are certified for impacts according to the M802:01.03.2022
shock test procedure (peak accelerations from 10–400 g) and ECSS-
E-ST.10-03C(2012) test standard with the test certificate nr. 8-009-
22/13.04.2022. It is neutrally buoyant, 25mm in diameter, 100mm
long, and has a mass of 24 g, which are similar dimensions to those
of the Sensor Fish of Deng et al. [36], and records the acceleration in
three axes over a range of 400 g at a rate of 2 kHz. The time of peak
acceleration magnitude varies across four measurement points, or ap-
proximately 1.5ms, with a median strike duration of 3ms, considering
values above 10 g. Following the convention of Deng et al. [38], where
values within 70% of the peak are counted, the strike duration ranges
between 0.5–1ms (1–2 data points). Additionally, not all time series
exhibited a single distinct peak; many showed two peaks, separated by
a data point significantly lower than the adjacent values.

Fig. 5 presents the results of our experiment, in which strikes at
1m s−1 produced a mean acceleration peak of 200 g, well above the
95 g threshold, though still within the 7.5ms time window used to
classify a strike event [38]. A left-tailed 95% confidence interval, calcu-
lated using the Student’s t-distribution to determine the margin of error,
provides a lower bound of 184 g. Strikes exceeding this threshold have
been associated with severe injuries according to [38]. However, the
database compiled by Bevelhimer et al. [63], which includes over 2500
live fish blade strike tests of a variety of fish species, reports minimal
mortality even at velocities of 5m s−1, with only one fatality out of
55 fish tested. In the comprehensive overview study by Pflugrath et al.
[70], an extended model based on strike tests involving seven different
fish species with varying mean body sizes (Alosa spp.: 7.6 cm; Gizzard
shad: 16 cm; Paddlefish: 26.7 cm; Rainbow trout: 11.6 cm and 16.1 cm;
Hybrid striped bass: 18 cm; Bluegill: 11.6 cm and 16.1 cm; Brook trout:
24.8 cm) resulted in dose–response curves predicting zero mortality for
strike velocities below 5ms−1 across all tested species and sizes. This
suggests that while the 95 g criterion has been a valuable guideline,
its reliability as a predictor of mortality, already being subjected to
increasing scrutiny regarding its accuracy [53], is not likely that it is a
reliable threshold to evaluate mortality from simulated turbine strikes.
This is further supported by Bevelhimer et al. [59] which noted that the
maximum accelerations observed in their strike apparatus were higher
than those reported in field studies of that period using the Sensor Fish
device. This leads to the authors hypothesis that this overestimation is
a systematic problem and not related to the specific sensor technology
used in this study as it appears in both sensor probe designs, using two
different strike rigs by independent investigators. Consequently, further
refinement of a strike parameter on sensor probes is necessary to more
reliably infer blade strike velocity from acceleration measurements.
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Fig. 4. Average blade speed, measured by the servocontroller in relation to its position post-impact, was recorded for cases with no sensor, the RAPID sensor (described in the
following example use-case), and the trout model at strike velocities of 1m s−1, 5m s−1, and 10m s−1 (indicated by the red bar) struck mid-body, laterally. At 5m s−1, it can
be observed that, despite the substantial weight and size differences between the RAPID sensor (24 g, 90mm) and the trout model (620 g, 330mm), the additional reduction in
strike velocity due to drag and impulse transfer for the trout model is only 0.16m s−1. At 10m s−1, the trout model exhibited a maximum deceleration of 0.5m s−1, compared
to 0.05m s−1 for the RAPID sensor. A systematic error of 0.3m s−1 or 3% in the realized strike velocity can be observed in the RAPID sensor measurements due to an improper
servocontroller configuration, however, it was deemed negligible to the overall results considering the variation in measured acceleration, shown in the subsequent Section ‘‘Example
use-case’’.

Fig. 5. Acceleration time series for strikes at 1m s−1 are shown as transparent dashed blue lines (𝑛 = 30), with the median acceleration represented by a solid blue line. Black
dots indicate peak acceleration values for each time series, where it can be seen that all acceleration magnitudes exceeded the 95 g threshold at 1m s−1. The distribution of peak
values is represented in the box-whisker plot on the right, with whiskers extending to 1.5 times the interquartile range and outliers indicated by empty circles. The median peak
acceleration is 211 g, with one strike reaching 304 g. In all but one trial the 95 g threshold was exceeded, highlighted by the horizontal red line. The post-impact acceleration is
caused by the blade’s wake.

Design challenges

Several challenges were identified during the development and
operation of the RETERO rig. These include limitations related to
maximum velocity, motor interaction, and structural stability, which
are detailed below. The differences between the turbine environment
and the strike rig do not necessarily constitute a limitation. Rather,
the rig was deliberately designed not to replicate the precise physical
conditions of turbine passage, but instead to simulate blade strikes in
the controlled and reproducible manner of a lab environment while
minimizing confounding factors.

Maximum velocity. Although the ORNL strike rig is capable of achiev-
ing velocities up to 12.2m s−1, our current design is limited to a
maximum strike velocity of 10m s−1. This constraint arises from the
minimum strike window requirement (MSWR) of 20 cm, set in our test
protocol. Achieving higher velocities would reduce the strike window

below this threshold. Nonetheless, this limitation might be not of
major concern, as average mortalitiy rates provided in dose–response
studies reported very high to total mortality risks already below 10 m/s
for many species and live stages such as shown by [65] for small
(11–12.5 cm) and larger (22–26 cm) rainbow trout. If higher im-
pact speeds became necessary for a specific experimental campaign,
a more powerful servo controller and motor would be required to
deliver additional power. Beside this reducing the accelerated mass
is another potential strategy to lower power demands. A script for
evaluating these scenarios, calibrated using real-world data from our
rig, is available in the code repository.

Stability. To prevent excessive vibration during operation, which in-
creases with strike velocity and blade thickness, the rig should be
supported by a stable foundation which is an important consideration
when selecting the location for the RETERO rig. Ideally, this support
should also be provided at the top of the rig for maximum leverage.



W.I. Kösters et al.

Additionally, we recommend that the high-speed camera setup be
mounted separately from the rig’s frame to prevent interference. Even
though shaking cannot be completely eliminated, image sharpness was
not adversely affected by post-strike vibrations in our tests, suggesting
that most of the vibrations occurs after the strike.

Comparability rotary motion and linear motion strikes. The design of the
linear motion strike rig is based on the assumption that tangential
motion during impact is a reasonable approximation for impacts in
rotary machines. While this may hold true for hard-bodied sensor
probes, where the strike may be characterized primarily by the initial
impact, soft-bodied objects, such as fish or soft-bodied sensor probes,
can experience significantly longer interactions with the blade. In
the worst-case scenario, where the interaction spans the entire strike
window of 20 cm, the angular rotation is given by 𝛷 = 2𝑠travel

𝑑rotor
, where

𝑠travel is the 20 cm strike window and 𝑑rotor is the rotor diameter. The
resulting deviation perpendicular to the strike direction is given by
𝑥deviation = (1 − cos(𝛷)) ⋅ 𝑠travel. For typical machine dimensions, such as
a turbine with a 8.6m rotor [42] and a pump with a 0.8m [32] rotor,
this deviation ranges from 0.22mm for the turbine to 24mm for the
pump or 0.1% and 12.2% in relation to the travel length respectively.
According to Bevelhimer et al. [59], the blade swept through 0.5m of
water before impact. Assuming an approximate angular rotation of 90°,
this corresponds to an estimated rotor with a 0.64m diameter with a
resulting geometric deviation of 40mm (or 19%) when compared to
linear motion.

Additionally, we compared compiled results from live fish strike
tests on rainbow trout (Oncorhynchus mykiss) conducted by Electric
Power Research Institute (EPRI) [58] and ORNL [65] for overlapping
values of the L/t ratio and strike velocity. While ORNL reported data
for individual strikes, EPRI provided averaged results, leading to a
comparative approach where EPRI datasets encompassing similar ex-
perimental conditions to ORNL were included, as illustrated in Fig.
6(b). Both studies used a blade with a semicircular leading edge and
assessed mortality at 1 h post-strike. ORNL reported fish length as
total length (from the tip of the snout to the tips of the caudal fin),
while EPRI reported fork length (measured from the tip of the snout
to the middle caudal fin rays) [64]. This methodological difference is
expected to have minimal impact for rainbow trout, as this species
has relatively short fin tips, resulting in a nearly truncate caudal fin.
EPRI’s experiments varied strike location, primarily targeting the mid-
body, and did not control for fish orientation, though both parameters
were documented. In contrast, ORNL’s selected strikes had a consistent
lateral orientation but varied in strike location, with box 3 in Fig. 6(b)
consisting entirely of strikes to the tail region, which is summarized in
Fig. 6(a). Despite methodological differences, mortality discrepancies
across the three overlapping cases were minimal, showing that the
rigs with linear motion show good comparability to those with rotary
motion.

Deviation of the impact location. In Fig. 4, it can be observed that the
impact position shifts towards the rear between strike velocities of
1m s−1 to 10m s−1 by 10 cm. In Table 2, we assumed a constant impact
position, corresponding to the impact location for a strike velocity of
1m s−1. This assumption introduces inaccuracies at higher velocities,
as the impact occurs later than expected. However, given the high
repeatability of the strike event and the significant variability in the
measured acceleration magnitude of the sensor probe following the
strike, correcting for this rather small positional error was deemed to
have little meaningful impact on the measurements.

Conclusions & Outlook

Hydropower is a vital component of global renewable energy strate-
gies. However, its ecological challenges, in particular the risk of injury
and mortality to fish during downstream passage, pose an obstacle for
a continued use in the face of the increased awareness of its ecological

impact and the loss of biodiversity. The test rig presented in this work
bridges a critical gap in hydropower research by offering a reproducible
platform for studying the dynamics of blade strikes on sensor probes
and live fish data. In this work, we introduced a digitally controlled,
open-access laboratory test rig design for the collection of biological
threshold data necessary for estimating fish injury and mortality due
to turbine blade strikes, with detailed design information available
online [71]. The rig also allows for an enhancement of the predictive
accuracy of passive collision sensors, providing biologists and engineers
with a more accurate depiction of the frequency and severity of blade
strike events. This tool is especially valuable for developing new fish-
safe turbine designs, because it allows for impact testing multiple blade
geometries across a range of strike velocities. With precise control over
blade velocity, ranging from 1ms−1 to 10m s−1, it offers a reliable
method for studying both fish injury and the physical conditions ex-
perienced during strikes. The open-access design significantly lowers
the barrier to entry by reducing the need for specialized engineering
expertise, making it more accessible to researchers from various fields.

Existing laboratory methods to research strike events, such as live
fish experiments and sensor-based testing, have been constrained by the
lack of precise control over blade velocity and the absence of a stan-
dardized test rig. Our rig addresses these limitations with electronically
controlled blade velocity, improved reproducibility between strikes,
minimal and quantified deceleration during impact, self-resetting mech-
anisms, and high-resolution position feedback—all within a compact
and cost-efficient design. The fact that even strikes at 1m s−1, which
are insufficient to cause severe injury to fish, produced acceleration
values exceeding the 95 g threshold by more than double, not only
challenges the current reliance on this threshold for determining injury
severity but more importantly shows the need of improved sensor
development and the benefit of having access to a system like ours,
which allows researchers to verify blade strike models under controlled
conditions. This setup isolates strike events from other confounding
effects of a real flow field, focusing exclusively on strike velocity and
blade thickness which are two critical variables influencing mortality
to provide data specifically suited for estimating strike severity in
field conditions using sensor probes. This approach could significantly
enhance ecological impact assessments of hydropower facilities by
enabling the use of dose–response relationships to estimate strike-
induced mortality for specific fish species solely from sensor data — an
application not currently feasible in field investigations. Current live
fish testing methods, involving extensive fieldwork and intensive data
processing, are highly time-consuming and challenging to scale. For
instance, one of the authors participated in a recent live-fish experiment
involving over 1800 fish, combined with sensor probes, to investigate
changes in passage mortality for three fish species in a pump modified
specifically to reduce fish mortality [72]. This study required several
weeks of fieldwork followed by more than nine months of data cleaning
and analysis.

Looking ahead, the development and use of this test rig offer new
opportunities to refine injury and mortality models based on sensor
data as well as aid in advances of sensor development regarding the
prediction of strike velocity. Future work could focus on expanding
the rig’s capabilities to test a broader range of conditions and sensor
types. Additionally, the open design allows for collaboration within
the hydropower, engineering, and biological communities to further
enhance the predictive models used in assessing fish injury and mor-
tality. By refining sensor probe accuracy, the need for live fish testing
in field studies can be reduced, promoting more ethical and efficient
research methods. Ultimately, the continued evolution of such test
rigs will contribute to more sustainable and ecologically responsible
hydropower development worldwide.
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Fig. 6. Comparison of strike experiments on rainbow trout between the ORNL and EPRI experiments, with three identified overlapping conditions. ORNL results, reported
individually, are represented as a yellow heat map, while EPRI’s averaged results are shown as purple circles. For comparing L/t ratios (ratio of fish length to blade thickness),
the minimum and maximum values reported from EPRI for that experiment were used, while a 5% range around the reported strike velocity was applied to identify overlapping
conditions. Despite notable variations in strike location and fish orientation (as shown in the table), the discrepancy in reported mortality rates remains minimal.
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Appendix A. Detailed design description

Detailed instructions for constructing the strike rig are provided
in this section. Table A.3 shows a cost breakdown for each assembly
group, while individual part names, numbers and additional info on
these parts important for building the strike rig can be obtained in the
bill of materials table available online [71].
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Table A.3

Cost breakdown of the strike rig and its assembly components as of late 2022. Prices have remained largely
stable as of 2024.

Assembly group Main items in group Approximate price

Frame aluminum strut profiles, brackets, fasteners 1800 e

Basin PC plates, PU adhesive, primer 1200 e

Drive system mechanics rail, belt, linear bearings, pulleys, bushings 900 e

Drive system electronics motor, servo-drive, break resistor 3100 e

Total 7000 e

The strike rig is a linear motion system with supported rail, as this
combines high stiffness and load capacity with low cost. The drive
system is a servo-motor, it allows for high-accuracy motion control
and the ability to engage with the maximum torque from rest. The
torque is transmitted through a timing belt; this is much lighter and
does not need lubrication compared to a chain. The frame is comprised
of aluminum strut profiles 45 mm × 45 mm in size that allow easy
modification and construction while being decently stiff.

The strike rig employs a linear motion system with supported
rails, offering a combination of high stiffness, load capacity, and cost-
efficiency. The drive system consists of a servo motor, providing high-
accuracy motion control and the capability to deliver maximum torque
from rest. Torque is transmitted via a timing belt, which is lighter and
requires no lubrication compared to a chain. The frame is constructed
from 45 mm × 45 mm aluminum strut profiles, ensuring ease of
modification and assembly while maintaining sufficient stiffness.

To estimate the required motor power, the motion system was
initially modeled using differential equations that accounted for mass,
acceleration, and fluid drag. Following the rig’s construction, these val-
ues were updated to include real-world mechanical losses. For research
groups interested in building a similar system, the Python script used
for these calculations is available in the GitHub repository.3

Frame and basin. The basin is constructed from polycarbonate (PC) due
to its superior impact resistance compared to glass or acrylic glass.
Standard PC plates are produced in dimensions of 3050 mm × 3050
mm, which determined the basin length of 3m to eliminate the need for
additional seals. To address expected pressure peaks, sloshing effects,
and wave-induced deformation, a flexible polyurethane adhesive (Sika
Sikaflex 295UV) was used. To enhance stiffness, the PC plates were
reinforced with aluminum angle profiles along their edges. The basin is
supported by a frame of aluminum strut profiles, which bear the basin’s
load and provide mounting points for other system components.

Motor. The maximum motor speed and effective pulley diameter de-
termine the system’s maximum strike speed and should be selected
to achieve the desired performance. An excessively large pulley di-
ameter increases the required translational force, leading to higher
torque demands and necessitating a more powerful motor and servo
drive. The motor selected for the system is a Siemens 1FT6102-8AC71,
which provides a maximum speed of 1500 RPM at full torque. This
corresponds to an optimal pulley diameter of 127mm.

Servocontroller. The servocontroller used (Kollmorgen AKD-P01207) is
capable of delivering a peak current of 30A for up to 1 s, resulting
in motor power of 10.4 kW when supplied with three-phase current
at 400V. A key advantage of this controller is its compatibility with
Python, enabling the development of an interface to adjust parameters
within predefined safe limits. Additionally, more advanced velocity tra-
jectories can be programmed and fed through the PC interface. During
deceleration, the motor operates as a generator, with the generated
energy dissipated as heat through an external resistive load.

3 github.com/ikoesters/srdatacombiner.

Belt and pulleys. A belt drive was selected over a chain drive or spool
system, as used by the Alden rig, due to its lower weight compared
to a chain drive and its ability to enable automatic resetting, which is
not feasible with a spool system. The HTD (high-torque drive) system
was chosen for its high availability and superior circumferential force
capacity. The specific belt used is an HTD-8M-30, featuring a 8mm
tooth pitch and a 30mm width. Proper belt tension is achieved by
adjusting the axial distance, moving the motor setup backward as
necessary.

The pulley is not mounted directly to the motor shaft because the
radial forces generated exceed the shaft’s maximum allowable force. In-
stead, the pulley is mounted on a separate shaft connected to the motor
via a backlash-free metal bellows coupler, which is critical for avoiding
resonance in the system. The shaft, with a diameter of 20mm, is made
from X46Cr13 stainless steel and is supported by two UCP204 industry-
standard pillow bearings. Its dimensions were determined using the von
Mises yield criterion with a safety factor of 1.4.

The closest available match to the effective diameter in the HTD-8M
system is a 48-tooth motor pulley, which allows for a maximum speed
of 9.6m s−1. Although slightly below the desired speed of 10m s−1,
the torque loss associated with this discrepancy is minimal and does
not significantly affect performance.

Rail and cart. A shaft-guidance system of type TBS25, featuring 25mm
diameter shafts with a length of 3200mm, was used. This system is
compatible with the aluminum strut profile raster, ensuring seamless
integration. The cart is connected to the rail through low-friction
recirculating ball bearings (SBR25UU), providing smooth and efficient
motion.

The cart itself is constructed from planar aluminum strut profiles,
allowing for rapid attachment or replacement of the blade arms. The
belt is secured to the cart using clamping plates.

Strike arm and blade. The strike arm is constructed from an aluminum
strut profile, onto which 3D-printed impact-resistant polycarbonate
(PC) blades are attached. The 3D-printed blades are reinforced with two
stainless steel threaded rods, which are epoxied into the structure and
serve as connection points to the strut profile. A plastic lid positioned
between the blade and the strike arm acts as a splash shield.

To ensure comparability with the data from Saylor et al. [65], the
blade’s leading edge is constrained to a semicircular shape. However,
the supporting body and trailing edge of the blade can be optimized to
reduce drag and, more importantly, to minimize entrained air, which
negatively effects high-speed video quality.

Sensor retainer. The sensor mounting setup follows the design estab-
lished by ORNL [63]. Two angled aluminum sheets, each 50mm wide,
are mounted on the front side of an aluminum strut profile, as illus-
trated in Fig. 2. The strike angle can be adjusted by repositioning the
aluminum platforms and securing them with wing nuts. The distance
between the platforms is adjustable by moving the strut profile to which
the platforms are attached.

Data synchronization. The servocontroller is programmed to emit a
digital pulse before impact, serving as a trigger signal for the high-speed
cameras. Additionally, this signal activates a device that generates a
magnetic pulse via a copper coil on the basin wall adjacent to sensors
that feature Hall effect sensors. This pulse is detected by a magnetic
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sensor on the probe and is later used for synchronizing the data from
the servo-drive, cameras, and sensor probe. For sensors without a
Hall effect sensor, the sudden increase in acceleration magnitude upon
impact may be used to achieve synchronization.

Safety considerations. To reiterate was has been said in the methodol-
ogy section, ensuring safe operation is paramount, even in cases of user
inattention. To this end, the rig is fully enclosed in acrylic glass, and the
access hatch is equipped with a safety switch that disables the motor
when opened. Additionally, a Python-based graphical user interface is
under development to restrict access to the servocontroller software,
allowing only safe and predefined user inputs.

Incorrect parameter settings in the servocontroller software can
lead to potentially catastrophic outcomes, particularly concerning the
end-of-motion point. This setting allows the motor to operate at full
speed up to the limit switch, which cuts power if exceeded. However,
the momentum stored in the system can cause the motor to crash
into the wall beyond the limit switch. While buffer material has been
successfully used to soften such impacts and prevent structural damage,
this mitigation measure cannot be guaranteed to protect against all
scenarios.

Appendix B. Supplementary data

The supplementary material [73] includes high-speed videos of the
fish dummy discussed in Section 3 and the rigid RAPID sensor probe
impacted at 5m s−1, recorded from the bottom and side, along with
a strike video at normal speed, available at https://doi.org/10.5281/
zenodo.15864853.

Data availability

The CAD data are publicly available online [71], and the software
used for data processing and integration can be accessed via GitHub
at https://github.com/ikoesters/srdatacombiner. Videos demonstrating
the RETERO strike rig tests are included in the supplementary materi-
als. Additionally, the datasets used to generate Figures 4, 5, and 6 in
this paper are openly accessible online [74].
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ABSTRACT

Hydropower turbines and pumping stations may pose a significant risk to fish during downstream passage, with blade strikes as
a major cause of injury and mortality. Sensor probes are used to assess downstream passage risk due to rapid decompression,
shear, turbulence and strike events. However, there has been no systematic physical validation of the metrics used to assess
the risks posed by blade strike. Since biological threshold models indicate that the relative blade strike velocity is the primary
driver of mortality, in this work we focus on evaluating how well existing metrics predict the relative blade strike velocity within
a biologically relevant range. To do so, we subjected multiple sensor probes to controlled, simulated turbine blade strikes
at velocities from 1– 10m/s to assess metric performance, explore a data-driven alternative, and identify priorities for future
sensor design. Our results show that existing metrics, as well as the peak acceleration magnitude, saturate between 3 – 4m/s
for current sensor probes and often exhibit substantial variance, limiting their ability to distinguish between biologically safe
(≤4m/s) and unsafe (>4m/s) blade strikes. To address this shortcoming, we propose a simple machine learning classifier
trained on tri-axial acceleration data to predict the relative blade strike velocity with sufficient accuracy, and validate its use
under laboratory conditions.

1 Introduction
Hydropower plays a crucial role in the worldwide energy network with increasing importance in terms of grid balancing as

the share of fluctuating wind and solar power continues to grow1. It supplies about 14 % of global electricity and nearly half

of South America’s demand, making it the largest renewable energy source worldwide2. However, hydropower installations

contribute to river fragmentation, which has reached an alarming density of 0.74 barriers per river kilometer in Europe3.

Hydraulic machinery can kill or injure entrained fish4, which has dramatic effects on local and migrating fish populations5.

Recognizing these substantial negative impacts on freshwater fish biodiversity, European legislation has been enacted to

reduce the number of barriers6.

While the exact number of hydropower facilities is difficult to quantify, a World Wildlife Fund (WWF) report of 2019 gives

a number of over 21,000 hydropower facilities in Europe7, while Belletti et al. (2020)3 estimated over 61,000 European dams

with or without turbines. The sheer number of these structures makes it impractical to provide alternative migration routes at

every site, as the costs would be prohibitively high. Even where downstream passage mitigation measures are implemented,

effectively guiding fish toward them and away from hydraulic machinery and infrastructure remains a significant challenge8.

Given these constraints, rethinking the design of pumps and turbines to actively facilitate fish passage may offer a more viable

solution for at least a third of these installations9.

Live fish tests are commonly used to assess the risks posed by hydraulic structures reflected in the current Dutch norm10,

and a European standard which is underway11, but these tests can only provide cumulative injury and mortality rates for

a given installation. Moreover, live fish studies come with significant ethical and financial costs, limiting their application

across different operating conditions and locations. To address these limitations, sensor probes are increasingly being used in

comparative studies to evaluate the risks to migrating fish8, 9, 12–14. These sensors align with the 3R principles of animal welfare



Nomenclature
ρ Fluid density

|a| Acceleration magnitude

BDS Barotrauma Detection System

DOF Degrees of freedom

FNR False negative rate

IMU Inertial measurement unit

L/t ratio Fish length to blade thickness ratio

MAD Mean absolute deviation

PC Polycarbonate

POM Polyoxymethylene

RAPID Robust Autonomous Pressure and Inertial Device

TPR True positive rate

UNSW University of New South Wales

WWF World Wildlife Fund

in experimental testing (Replace, Reduce, Refine) by minimizing or replacing the need for live fish tests while providing more

insight from the collected data.

Various sensor probes have been developed for different hydraulic environments. These include devices designed for

high-speed conditions, such as the Sensor Fish15 and the RAPID sensor16, as well as those tailored for low-speed environments,

such as the Barotrauma Detection System (BDS)17, the Fish Backpack Sensor18, which focuses on monitoring fish behavior in

and around hydraulic structures, and the UNSW sensor19, which has been developed specifically for use in conduit systems.

Sensors designed for low-velocity conditions typically operate at a lower sampling rate of around 100 – 250 Hz and include

accelerometers with lower dynamic range of around 16 g, compared to high-velocity sensor probes that sample at around

2000 Hz and a dynamic range of 200 g (Sensor Fish) or 400 g (RAPID).

These sensor probes have been used in numerous studies to assess the frequency and severity of the blade strike during

turbine passage using metrics that use acceleration magnitude to infer severity8, 13, 20–23. Although the metric proposed by Deng

et al. (2010)20 pioneered the use of sensors systems to assess collisions using the peak value value of an impact event with a

threshold of 95 g as a threshold for a severe acceleration event. The group recently updated this approach by including the 3

preceding and subsequent points around a peak at 95 g in the analysis and integrating them over them. This is based on the

assumption that the sudden increase in velocity of the sensor probe caused by the blade impact can be implicitly quantified by

the accelerometer through its time series.

Saylor et al. (2020)24 investigated the effects of fish length, blade thickness, relative blade strike velocity, site of impact, and

angle of impact. These studies concluded that strikes that transfer more energy to fish increase lethality, which means midbody

lateral strikes at 90◦ had the highest rates of mortality25. In addition, thinner and faster blades were always more deadly than

thicker and slower blades. In Francis and Kaplan turbines, the blade thickness does not change significantly along the blade

diameter, and for stiff sensor systems the fish length can be modeled during post processing of the collision data. This leaves

relative blade strike velocity, site of impact and angle of impact as remaining unknowns, that need to be investigated using

sensor probes. Of these, the angle of impact and relative blade strike velocity were determined to be the most important in a

logistic regression of strikes on brook trout (Salvelinus fontinalis and rainbow trout (Oncorhynchus mykiss). With every 1 m/s

increase in relative blade strike velocity, these fish were around 6 times more likely to die and around 3 times more likely to

die if struck at 90◦ compared to 135◦24. Other species have not yet been tested with blade strikes at different angles, while

strike speed had high and significant influence in the case of Gizzard shad (Dorosoma cepedianum), American Shad (Alosa
sapidissima), Blueback Herring (Alosa aestivalis). Consequently, the relative velocity of the blade can be regarded as a main

parameter required to predict strike-induced mortality.

Acceleration magnitude increases with strike velocity, forming the basis of the original acceleration magnitude metric20

as well as a more recent extension proposed by Huang et al. (2025)26, in which the acceleration time series surrounding a

2/17



peak event is analyzed rather than relying solely on the peak value. For strike identification, the established 95 g threshold was

applied to classify strike events. Following this classification, the acceleration magnitude time series and the pressure time

series associated with the event were evaluated independently, resulting in the Mv metric and the Mp metric, evaluating the ram

pressure on the sensor probe’s pressure sensor, respectively. In the publication, these metrics were treated independently and

were not combined into a single estimate of mortality. Importantly, all three metrics were validated against mortality rates in

live fish rather than through a systematic evaluation of their sensitivity to changes in strike velocity.

Measuring the sensitivity of a metric to relative blade strike velocity in a systematic way has not yet been done and represents

an important research gap to address. Accordingly, the primary objective of this work is to evaluate existing sensor-based strike

metrics that have been widely used as proxies for strike severity. Specifically, we assess whether these metrics provide a reliable

measure of relative blade strike velocity and associated injury risk under controlled impact conditions. For the fish species

mentioned above, the logistic regression model predicts an increase in mortality beginning at 4 m/s24, which may be considered

a mortality threshold. This threshold can serve as a reference point for calibrating existing metrics and as a benchmark for

assessing their ability to predict whether a blade strike occurs below or above 4 m/s.

Connecting strike speeds with mortality for a given blade thickness, angle, species, and size would open up the possibility

of connecting a mortality rate with an accelerometer measurement, as described in27. The main research questions of this work

are as follows:

1. Can the 95 g-rule be amended by using a different threshold?

2. How sensitive is the newly proposed metric by Huang et al. (2025)26 to relative impact velocities measured in a laboratory

strike rig?

3. Can a data-driven model trained on laboratory strike data reliably predict relative blade strike velocity?

4. Which challenges in sensor probe design need to be overcome to provide better measurements for field assessments of

relative blade strike velocities?

This work is significant because it presents the first comprehensive analysis of how widely used metrics respond to changes

in relative blade strike velocity and offers concrete recommendations for future developments in both software and hardware.

The findings of this research also provide key information to improve sensor design and standardize sensor-based strike

measurements with the long-term aim of replacing live fish tests with sensors in order to systematically assess the risk of injury

and mortality of fish passing downstream at hydraulic structures and through hydroelectric turbines and pumping stations.

Additionally, we provide a practical example of how the relative blade strike velocity from a lab rig may be reliably predicted

using machine learning classifiers.

2 Methodology
All experiments were carried out using a custom-built strike rig developed in 2020, for which detailed designs, design rationale,

and operational descriptions are openly available27, depicted in fig. 1.

2.1 Strike Rig
The rig comprises a linear motion system that accelerates a blade within a water-filled basin measuring 4.1 m×0.7 m×2.3 m.

The system is driven by a servomotor, ensuring a stable, highly repeatable, and precisely controlled velocity during strikes

through a closed-loop control mechanism. The servomotor control actively counteracts momentum loss as a result of sensor

probe acceleration, effectively replicating the inertial characteristics of a high-mass blade under realistic conditions. The

blade used in the experiments has a semicircular leading edge, a standard configuration for live fish strike studies28. It has

a diameter of 9.5 mm and is fabricated from 3D printed impact-resistant polycarbonate (PC) reinforced with stainless steel

threaded rods for enhanced structural integrity. The position of the sensor probe was secured prior to impact of the blade using

a retainer adapted from Bevelhimer et al. (2019)29, previously validated in similar studies. The retainer was designed to exert

minimal force, ensuring that the probe remained fixed while reducing resistance to movement during impact. This configuration

minimizes variability in initial conditions, although slight variations in lateral position and rotational freedom were allowed to

facilitate robust predictive model development.

2.2 Metric Evaluation
We included three different metrics in the evaluation: the magnitude of the maximum acceleration and the metrics recently

published Mv and Mp by Huang et al. (2025)26. Relative blade strike velocities between 1 – 10 m/s were tested and compared

with biological threshold data from lateral strikes of the middle body at a 90◦ angle.
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The fish species and their respective average lengths in these biological tests were: Paddlefish (27.9 cm), Alosa spp. (7.7 cm),

Gizzard shad (16.0 cm), Rainbow trout (11.5 and 26.0 cm), Brook trout (24.8 cm), Hybrid striped bass (18.0 cm), and Bluegill

(11.8 and 16.1 cm)30.

Comparable tests have not been performed on chinook salmon smolts, which have an average body length of 14.4 cm for

yearlings and 11.3 cm for subyearlings31, the species and life stage with which the metrics Mv and Mp metrics have been

calibrated. The authors of the metric note that threshold values may differ for other hydraulic structures beyond the Kaplan

turbines used in their study, as well as for fish with markedly different morphologies, such as eels.

Therefore, our evaluation does not focus on the absolute value of the mortality threshold, as no directly comparable case is

available. Instead, we assess whether the proposed metrics are capable of distinguishing between relative blade strike velocities

that are relevant for fish mortality based on the biological threshold tests described previously.

Acceleration Magnitude This metric uses the peak acceleration magnitude of a time series, calculated by first computing the

Euclidean norm of the acceleration along the x, y, and z axes. It differentiates between shear and collision events based on the

duration for which the acceleration remains above 70 % of the maximum value. If this duration exceeds 7.5 ms, the event is

classified as a shear event; if it is shorter, the event is classified as a collision. In a second step, a threshold is applied above

which mortality from acceleration magnitude can be expected.

Mv Metric This approach follows classical Newtonian mechanics, where the change in velocity is given by: Δv =
∫

a(t)dt,
with v denoting velocity, a acceleration, and t time. Acceleration events are selected if they are above 95 g, in which case three

data points preceding and succeeding the peak value are selected which is around 1.5 ms at the sampling rate of the Sensor

Fish of 2048 Hz or 3 ms in total. From these values, the acceleration magnitude is computed through the Euclidean norm:

amag =
√

ax +ay +az, and the values are integrated over the time window.

Mp This approach is based on the Bernoulli principle, which relates the hydrodynamic pressure to the fluid flow acting on

the pressure sensor, and assumes that the sensor is oriented directly toward the oncoming flow. It works by calculating the

difference between a presumed steady state immediately before the impact and the maximum pressure encountered during the

impact. The impact event is found through the accelerometer data and to account for a shift between the peak acceleration

and the peak pressure event, two points before and after the location of the acceleration peak are taken into account when

locating the maximum pressure. This difference is then calculated by Mp =
√

2
ρ |Pmax −Psteady state|, where ρ is the fluid density

in kg/m3 and P the pressure in Pa which would in theory yield the velocity causing the pressure change.
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2.3 Sensor Probes & Test Protocol

Figure 1. Left: Overview of the strike rig with labeled components. The blade moves linearly from left to right to strike the

sensor probe mounted in the holder, with only the blade submerged to reduce drag and splashing. Blade motion, including

deceleration to a predefined stop position, is governed by the motor controller. All moving parts are enclosed for safety with an

access hatch for probe handling. The setup measures 3.84 m×0.72 m×2.61 m (length × width × height). Reproduced from

Kösters et al. (2025)27. Right: Photograph of all tested sensor probes side-by-side, with a caliper included for scale. The

sensors from left to right are: UNSW sensor probe, Sensor Fish, RAPID, and BDS. The foam attached to the UNSW sensor

ensures neutral buoyancy. The orange and green tapes on the RAPID and BDS sensors facilitate retrieval in field deployments.

The pressure sensors are located on the top surface of the UNSW, RAPID, and BDS sensors, whereas on the Sensor Fish, it

faces the camera.

Sensors The sensor probes used in this study comprise four different devices, previously applied in field investigations of

hydraulic environments around hydraulic structures, and in the case of the UNSW probe, in laboratory studies, shown on the

left in fig. 1. Most of such studies have been conducted with the Sensor Fish. The initial design was developed at the US Army

Corps of Engineers32 and was later refined at the Pacific Northwest National Laboratory33, followed by a further iteration

introduced in 201415 A recent update introduced the Marine Sensor Fish in February 2025 adding a larger battery, a salinity

sensor, and a gyroscope and magnetometer with extended dynamic range34, while all other components remain unchanged.

Because current blade strike severity metrics are based on acceleration and pressure, this study and its conclusions remain

unaffected by this modification.

The sensor probes used in this study are not designed to mimic the material properties of fish tissue. Their purpose is

to record acceleration and pressure signals from which calibrated metrics can then predict fish injury. Our investigation is

grounded in the assumption that blade strike velocity can serve as a proxy for fish injury and mortality when combined with

biological threshold data. Accordingly, the probes were tested in their standard configuration, without coatings or compliant

layers, as this reflects their current use in conjunction with these velocity- and impulse-based metrics.

The RAPID sensor probe was developed in 2021 by Tallinn University of Technology16. This device was preceded by the

BDS sensor probe, developed in 2016 by the same group17 to evaluate the potential of barotrauma in large and medium-sized

hydropower turbines. The UNSW sensor probe was developed in 2022 at the University of New South Wales (Australia) to

investigate hydraulic conditions in pipe flows35.
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When sensor probes are used for fish surrogate studies, their design is typically adapted to the conditions of the deployment

environment. In low-acceleration environments, changes occur over longer time scales and acceleration events are of lower

magnitude. Based on these specifications, the sensor probes available to us were grouped into two categories:

• High-acceleration sensor probes: Sensor Fish and RAPID

• Low-acceleration sensor probes: BDS and UNSW sensor probes

Although the UNSW and BDS probes were primarily developed for pressure measurements in low-acceleration conditions,

the Sensor Fish and RAPID both incorporate high-dynamic-range accelerometers in addition to pressure sensors, making them

suitable for hydraulic environments in which entrained bodies experience high accelerations. Table 1 lists the sensors along

with their sensing modalities, technical and physical specifications.

Table 1. Table providing an overview of the sensors, including their physical characteristics and sensing modalities. The

vertical bar separates the high acceleration sensor probes on the left from the low acceleration sensor probes on the right.

Sensor Fish RAPID UNSW Sensor BDS

Sensing modalities

total water pressure

linear acceleration

rate of rotation

magnetic field

total water pressure

linear acceleration

total water pressure

linear acceleration

total water pressure

linear acceleration

rate of rotation

magnetic field

Dimensions (mm) cylindric, 89.9x24.5 cylindric, 100x25 cuboid, 34x26x14 cylindric, 140x40

Mass (g) 42 46 15 147

Sampling rate (Hz) 2048
2048 (acceleration)

100 (pressure)

400 (acceleration)

250 (pressure)

100 or 250 (acceleration)

100 (pressure)

Dynamic range (+/-)

± 200 g

0-12 bar

± 2000 deg/s

±400 g

0-2 bar

± 16 g

0-14 bar

± 16 g

0-2 bar

± 2000 deg/s

Test Protocol The strike rig test protocol involved two sensor probe activation methods: (i) activating the probe while secured

in the holder, or (ii) activating it prior to the placement and outside the water, verifying operation, and subsequently inserting it

into the holder. Activation was achieved using an external magnet placed adjacent to the housing near the magnetic switch.

Sensor probes were subjected to blade strikes at initial velocities of 1 m/s, incrementally increased in 1 m/s steps until all

available sensors experienced malfunction. Each velocity condition was tested through 30 independent trials to ensure statistical

robustness.

The sensor probes were secured in a holder prior to each strike. The holder design was inspired by Bevelhimer et al. (2019)29

and has been previously described in detail27. It exerts only the minimal force required to keep the sensor securely in position

before impact. Two versions of the holder were employed: one designed for the BDS, ATS, and RAPID sensors, and another

specifically developed for the smaller-sized UNSW sensor, which necessitated a separate design. All sensor probes completed

data acquisition before removal from the water, reducing acceleration events and facilitating automated strike detection. To

assess data integrity, sensor recordings were examined for anomalies, and outliers were identified based on acceleration

magnitudes that exceeded the sensor’s measurement range or exhibited faulty signal patterns. Strike data were excluded from

further analysis if the peak acceleration magnitude exceeded three times the median absolute deviation (MAD) from the median

at a given relative blade strike velocity, following the methodology recommended by Leys et al. (2019)36. The MAD was

computed as: MAD = median(|Xi −median(X)|) where X represents the vector of all peak acceleration magnitudes at a given

relative blade strike velocity, and Xi denotes the peak acceleration value from an individual test at that velocity37.

The water level in the tank was maintained at 160 mm above the brackets on which the sensor probe is positioned prior to

a strike. Blade alignment was carefully controlled to ensure vertical positioning during attachment, as misalignment could

introduce unintended vertical velocity components, causing secondary impacts with the basin floor or becoming airborne.

Data Retrieval & Cleaning To ensure consistent alignment across trials, a fixed, sensor-specific acceleration magnitude

threshold was established to identify the onset of each strike event, as specified in table 2. This threshold was set above

accelerations encountered during handling but below accelerations experienced at 1 m/s strikes. To ensure that the onset of the

strike was captured, a constant time offset of −5 ms was then applied for all sensors so that the start of the time series preceded

any strike-induced acceleration, with the exact number of indices to subtract calculated from each sensor’s sampling rate. This

proved a robust method, resulting in excellent temporal alignment across trials.
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For the low acceleration sensors, the sampling rate was piecewise linearly interpolated prior to alignment to improve

temporal precision. After the impact event, a fixed window of 100 ms was analyzed, even though the strike itself typically

lasted less than 25 ms (see fig. 2).

Despite best efforts, sensor malfunctions meant that not all velocities have exactly 30 repetitions. Faulty datasets were

repeated when identified; however, in most cases the sensor probe had already failed, and a replacement was not available. The

total number of experiments conducted at each velocity is provided in table 2.

Table 2. Overview of the valid experimental data analyzed, including the individual acceleration magnitude thresholds used to

identify strike events. The horizontal line between the RAPID and UNSW sensor probes marks the division between high

acceleration and low acceleration sensor probes.

Sensor
Strike

threshold (g)

Repetitions (-) per strike velocity (m/s)

1 2 3 4 5 6 7 8 9 10

Sensor Fish 70 30 30 30 30 30 30 30 30 - -

RAPID 30 30 30 30 30 30 28 30 30 30 29

UNSW 12 21 14 - - - - - - - -

BDS 25 30 30 30 30 30 - - - - -

2.4 Sensor Fish
Hardware The Sensor Fish sensor probe is a cylindrical housing with a pressure sensor on the side and end caps that can

drop masses at a pre-programmed state to make it positively bouyant and come up to the surface. Under these, connection

pins are located, which require a custom connector cable. The relevant sensing modalities include a three-axis accelerometer

((ADXL377, Analog Devices, Inc., Norwood, MA, USA), a pressure sensor (MS5412-BM, Measurement Specialties, Inc.,

Hampton, VA, USA), and a three-axis gyroscope (ITG-3200, InvenSense, Inc., San Jose, CA, USA) as well as an inertial

measurement unit (IMU) (LSM303DLHC, STMicroelectronics, Geneva, Switzerland) for orientation determination. All sensors

undergo laboratory calibration prior to the experiments, as stated in38.

Usage The sensor is turned on with a magnet held in the vicinity of the onboard sensor, a red LED turns on indicating that

measurements are being taken. When the set measurement time is over, bright white LEDs flash, which facilitates in-field

retrieval. To download the data the cap that stores the droppable mass is removed, revealing a custom connector that has to be

carefully rotationally aligned with a custom connector to USB cable and pressed in. Communication with the sensor probe is

done with custom software, that handles downloading, calibration, setting date and time and resetting the sensor probe, which

is necessary to take another measurement. Charging is done through the same connector cable.

Test Protocol The sensor probe was turned on outside of the water before it was placed into the sensor holder. It was removed

from the water, when the LEDs started flashing, indicating that the measurement had ended.

2.5 RAPID
Hardware The Robust Autonomous Pressure and Inertial Device (RAPID) is a cylindrical, neutrally buoyant sensor probe with

a polycarbonate housing and a flat POM end cap, developed at the Tallinn University of Technology. It is certified for impacts

in accordance with the M802:01.03.2022 shock test procedure (peak accelerations from 10 – 400 g) and the ECSS-E-ST.10-03C

(2012) test standard, with test certificate no. 8-009-22 / 13.04.2022.

The sensing modalities include an absolute pressure sensor (MS5837-2BA, TE Connectivity, Switzerland) and a three-axis

accelerometer (H3LIS331DL, STMicroelectronics, Switzerland). An updated version, released shortly after completion of our

experiments, also incorporates a gyroscope and a magnetic field sensor.

Data are stored in a removable microSD card and saved in two separate files: one containing high-frequency acceleration

data and the other containing lower-frequency pressure data, which is done to reduce overall file size. The two files are aligned

via shared timestamps.

Usage The sensor probe is activated by swiping a magnet in a smooth motion near the onboard Hall sensor. Upon activation,

the device performs a self-calibration of the pressure sensor, indicated by a blue LED. When the LED switches to blinking

green, the measurement has begun.

To retrieve data, the tube is opened to access the USB-C port on the circuit board. When connected, the device is recognized

as a mass storage unit, allowing direct access to the data files. Configuration files stored as plain text can be modified to adjust
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measurement length, date, and time. The device is recharged through the same USB-C port; during charging, the blinking

green LED changes to a constant red light once charging is complete. The microSD card can store hundreds of datasets before

reaching capacity, eliminating the need to download data after every measurement.

Test Protocol The sensor probe was either activated outside the water before being placed in the holder or turned on after

being positioned in the setup. The probe was removed from the water when the LEDs stopped blinking, indicating that the

measurement had ended and the device had shut down.

2.6 UNSW
The sensors developed by the University of New South Wales are of cuboid shape and housed within a custom 3D-printed

enclosure, which has been waterproofed using an electronics potting compound. To achieve neutral buoyancy, polystyrene

foam was attached to the exterior of the housing.

These sensor is based on the MbientLab MetaMotionR v0.5, with a accelerometer and gyroscope (BMI160, Bosch Sensortec,

Reutlingen, Germany) and a pressure sensor (MS580314BA01-00, TE-Connectivity, Galway, Ireland). Data recording was

initiated via Bluetooth using the sensor-specific TinyTracker software installed on an iPad.

The data has to be downloaded via Bluetooth from the device, each time a measurement has been taken.

Test Protocol The sensor probe was activated before being placed in the setup, as it required a bluetooth signal for starting

the measurement. For determining when to remove the sensor from the water, a timer was used that was started at the same

time as the sensor probe with the measurment time as the timer value.

2.7 BDS
Hardware The Barotrauma Detection System (BDS) sensor probe is neutrally buoant, consists of a cylindrical polycarbonate

housing with two machined polyoxymethylene (POM) end caps, one side flat and the other spherical, enclosing the sensor

electronics. The device is powered by two AAA alkaline batteries, to avoid that the batteries loose contact during the strike

event, they are constrained by a plastic clip. The data are stored in a removable microSD card.

The BDS is equipped with a digital nine-degree-of-freedom (DOF) IMU (BNO055, Bosch Sensortec, Reutlingen, Germany)

and three pressure sensors (MS5837-2BA, TE Connectivity, Galway, Ireland) located on the spherical end. The inclusion of

multiple pressure sensors provides triple modular redundancy, enhancing fault tolerance in case of individual sensor failure.

Additionally each of these sensors can be programmed with a different pressure range.

Before experimental deployment, each BDS sensor’s accuracy was verified through laboratory calibration using a custom-

built barochamber. Sensors were tested at total pressures up to 5500 hPa, 2.75 times their maximum rated pressure. A

commercial reference pressure sensor (HOBO U20-001-02, Onset Computer Corp., USA) was used to log chamber pressure

and validate the accuracy of each BDS unit.

Usage To start the measurement a magnet is held close to the onboard magnetic switch. After that the sensors starts up and

performs a self-calibration of the pressure sensors where the current pressure is set at 100 kPa. This is visible through an LED

rapidly changing colors in the order red - blue - green. When the LED switches to a constant red color, the measurement has

started.

For retrieving the data after the strike, a magnet needs to constantly activate the magnetic switch. This turns on the WiFi

mode, in which the sensor probe is discoverable with another WiFi capable device. By accessing a website, all recorded data

files can be viewed and downloaded. Additionally, the measurement frequency can be set here. The microSD card can store

hundreds of datasets before reaching capacity, eliminating the need to download data after every measurement.

Test Protocol The BDS was exclusively used in the 250 Hz mode. The BDS was put in the sensor holder and turned on

in place with a strong magnet on a stick. The data was not downloaded after every strike, but in an interval decided by the

experimentor in accordance to its risk of failure. The LED turning off marks the end of the measurement and the sensor probe

shutting off subsequently, after which it was retrieved for data download or another strike.

Usage To start a measurement, a magnet is held close to the onboard magnetic switch. The sensor then powers on and

performs a self-calibration of the pressure sensors, setting the current pressure to 100 kPa. This process is indicated by an LED

cycling rapidly through red, blue, and green. When the LED changes to a constant red, the measurement has begun.

To retrieve data after a strike, the magnetic switch must be continuously activated with a magnet. This enables WiFi mode,

making the sensor probe discoverable by another WiFi-capable device. By accessing the device’s interface through a web

browser, all recorded data files can be viewed and downloaded. The interface also allows configuration of the measurement

frequency. The microSD card can store hundreds of datasets before reaching capacity, so data does not need to be downloaded

after every measurement.
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2.8 Data-Driven Classification of the Relative Blade Strike Velocity
The relative blade strike velocity was estimated for each class, ranging from 1 – 10 m/s, in 1 m/s increments, based on the

high-g accelerometer data. This was done using the Gaussian naive Bayes approach, which was chosen due to its previous use

in accelerometer-based human fall classification39 with an accuracy of 80 % and in high-frequency (12,800 Hz) mechanical

fault detection true positive rates exceeding 90 %40. First, 15 measurements from each of the three accelerometer axes were

aligned for all recordings such that the initial acceleration event begins from the third data point, where the first two data points

correspond to the acceleration readings of the sensor at rest, used as a reference to visually verify that the input time series

were correctly aligned. This simple protocol was chosen as it is easy to identify the initial up-ramping of the accelerometer

data across all datasets, and allows for a rapid and efficient alignment method. Next, for each relative blade strike velocity,

the continuous set of 15 single-axis acceleration measurements for each axis (x,y,z) were concatenated into a single feature

vector of length 45. This ensures that data from all three axes are included in the velocity estimation, which is important

because previous methods based on acceleration magnitude mix the signals from each of the three axis when calculating the

magnitude. Because the acceleraiton time series data along each axis can have distinct characteristics due to the geometric and

physical properties of the sensor probe, we chose to create a feature vector which uses data from all three axies in lieu of the

magnitude. Finally, the naive Bayes classification was performed using 10-fold cross-validation, and the results were reported

as a confusion matrix using the mean value of the 10 models, where 20 % of the data were withheld to validate the classifier.

3 Results & Discussion
In this comparison, four different sensor types were used: the UNSW sensor, the Sensor Fish, the RAPID, and the BDS, see

fig. 1 for a photograph and table 1 for an overview of their capabilities. These sensors have previously been employed in studies

assessing hydraulic conditions within turbine environments, and in the case of the UNSW sensor, in pipe-flow investigations.

The velocity range tested was limited by the sensor probes survivability to the simulated blade strikes. The target of obtaining

30 repetitions per relative blade strike velocity could not always be achieved due to sensor malfunctions caused by the high

acceleration forces during impact, combined with the limited number of available devices. The tested strike velocities for each

sensor, along with the minimum number of repetitions at any given velocity, are summarized in table 2.

Strike-induced mortality depends on multiple interacting factors, including impact location, angle, blade geometry, and fish

morphology. In the following analysis, relative blade strike velocity is used as the primary evaluation variable, as it shows

a strong and monotonic association with mortality under controlled blade-strike conditions. Existing metrics are therefore

assessed by their ability to differentiate relative blade strike velocity, rather than by direct comparison to biological mortality

thresholds.

On this basis, the following analysis proceeds in three steps. First, the measured sensor probe responses to simulated blade

strikes are reported, focusing on the observed characteristics of the recorded time series. Second, the behavior of the strike

severity metrics as a function of relative blade strike velocity is described. Within each subsection, these observations are

followed by an interpretation of their implications. Finally, a data-driven approach for predicting relative blade strike velocity

from the impact time series is presented, followed by a separate discussion of consequences for future sensor design.

Time Series Analysis Figure 2 compares the acceleration magnitude readings over time during a blade strike for the Sensor

Fish, RAPID, UNSW and BDS sensor probe. Dashed lines are indicating the sensor-specific saturation limits, which are

higher than the single-axis saturation limits because the acceleration magnitude is the Euclidean norm for the three axes:

amag = |a| = √
ax +ay +az, simplifying to |a|max =

√
3 · amax if all the axis values are equal. However, if the acceleration

vector and the measurement axis of the sensor are aligned, the sensor can go into saturation at the single-axis saturation limit

itself, which may be the reason behind the plateau of the maximum values of the Sensor Fish at 5 m/s. Although the Sensor

Fish and RAPID probes are similar in size, shape, and weight, their responses to blade strikes differ markedly: they vary in

both peak acceleration magnitude and signal shape over time. This contrast is not observed when the UNSW and BDS sensor

probes are compared. However, their signals are heavily undersampled and saturated. This is evident when comparing the

strikes at 1 m/s and 2 m/s, where the acceleration magnitude shows little difference despite the doubling of the velocity.

To evaluate differences in measurement performance relevant to this application, we used peak acceleration magnitude

alongside two metrics recently proposed by Huang et al. (2025)26. Figure 3 presents the distribution of these metric scores as a

function of relative blade strike velocity, including the respective medians in comparison to the thresholds proposed to indicate

the onset of mortality.

The Sensor Fish and RAPID sensor probe were tested under slightly different conditions. To avoid premature damage,

the Sensor Fish was always struck on the side opposite the pressure sensor, as the opening in the cylinder was considered a

potential structural weak point. In contrast, the RAPID sensor was tested at random rotational orientations to broaden the data

base for a machine learning model. Consequently, variability in sensor output is not directly comparable between the two

devices, although comparisons of average values remain valid. Likewise, the UNSW sensor was constrained along all axes prior
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(a)
Sensor Fish (red) and the RAPID (blue) following strikes at

velocities of 1, 5 and 8 m/s.

(b)
UNSW sensor probe (orange) and the BDS (purple) following strikes

at velocities of 1, 2 and 5 m/s.

Figure 2. Comparison of acceleration magnitude time-series distributions (n = 30) of the tested sensor probes designed for

environments with high acceleration events: (a) Sensor Fish & RAPID, and low acceleration events: (b) UNSW sensor probe &

BDS. The corresponding blade travel distance for each relative blade strike velocity is shown at the top of the plot. Shaded

areas represent the 95 % confidence intervals, estimated using linear interpolation. The dashed line indicates the threshold

beyond which all three sensor axes are fully saturated, equal to |a|max =
√

3 ·asingle-axis. In some cases, such as with the Sensor

Fish or the BDS at 5 m/s, there seems to be clear signs of saturation, even though the complete saturation value is not met. This

may be due to saturation happening earlier when one or two axes clip, as described before.

to the strike because of the difficulty of targeting it given its small size, while the BDS was tested under the same conditions as

the RAPID.

The relevant velocity range to differentiate the severity of a strike should, at a minimum, allow the distinction between

strikes above and below 4 m/s. This threshold corresponds to the appearance of observed mortality in multiple species during

simulation of turbine strike experiments in anesthetized fish24. The upper limit of the relevant range is considered to be around

10 m/s, beyond which most species do not survive, as reported by Pflugrath et al. (2021)25. However, an important exception is

the eel, which appears unusually resistant to blade strikes. In publicly available strike data41, American eel (Anguilla rostrata)

demonstrated a survival rate of 87 % at a relative blade strike velocity of 13.6 m/s (n = 90).

Low acceleration sensor probes were not included in this comparison, as their tested relative blade strike velocity range

(1 – 2 m/s for the UNSW sensor) lies outside the scope of this application. Nonetheless, these probes may still be useful for

determining whether a blade strike has occurred, regardless of its severity, since quantifying strike probability alone can already

provide valuable insight.

Peak Acceleration Magnitude Analysis In our previous study27, we showed that relative blade strike velocities as low as

1 m/s can generate peak acceleration magnitudes that exceed the commonly referenced threshold of 95 g, which has been

associated with a severe exposure event connected to fish mortality based on work by Deng et al. (2010)20. However, biological

threshold models, such as those proposed by Pflugrath et al. (2021)25, predict no mortality at this velocity. This indicates

that the commonly used 95 g threshold can be exceeded at strike velocities that are predicted to be biologically non-lethal,

suggesting that this threshold is not a reliable indicator of strike-induced mortality.
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This discrepancy raises the question of whether the threshold may have been set too conservatively and the metric could be

revised by adopting a higher threshold. The upper plot in fig. 3 compares peak acceleration magnitude measurements from the

Sensor Fish and the RAPID sensor probe, which have single-axis saturation limits of 200 g and 400 g, respectively. A decrease

in acceleration magnitude between 5 – 7 m/s was observed for the RAPID sensor probe, followed by a sudden increase at 8 m/s.

The Sensor Fish plateaus at approximately 3 m/s, while the RAPID sensor does so around 4 m/s, consistent with partial axis

clipping and bandwidth limits, so peak acceleration magnitude is no longer a reliable proxy for relative strike velocity beyond

these points. As a result, strikes at the 4 m/s threshold which do not lead to mortality cannot be reliably distinguished from

strikes at 8 m/s, a velocity at which observed fish mortality rates reached 80 % or higher in most tested species30.

A plausible explanation of the decrease in acceleration magnitude, would be that this pattern may be explained by the

drag crisis, in which the drag coefficient drops sharply as the Reynolds number increases by up to a factor of three42. Pasam

et al. (2023) reported that this transition occurs at a critical Reynolds number of approximately Re ∼ 2.3×105 for smooth

cylinders, with surface roughness lowering this threshold42.

The sensor related Reynolds number is given by:

Re =
L ·u

ν
=

25 ·10−3 ·8
1 ·10−6

= 200,000 (1)

where L is the tube diameter, u is the relative fluid velocity, and ν is the kinematic viscosity of water. The mechanism may

be described as follows: when drag is reduced, the probe is accelerated more easily by the blade. At higher drag coefficients,

the probe resists motion, resulting in greater deformation and a longer impact duration. By contrast, reduced resistance shortens

the impact time scale, thereby increasing the maximum acceleration. Because peak acceleration magnitude is affected by

clipping beyond 3 – 4 m/s, the Reynolds-number explanation is presented as a hypothesis about impact dynamics, since peak

magnitude ceases to uniquely encode strike velocity once clipping begins. Testing this hypothesis would require acceleration

measurements that do not clip in the examined velocity range.

Interpreting this result, saturation of the sensor probes propagates directly into metric saturation because the metric is

defined solely by the maximum acceleration magnitude, thereby limiting its ability to differentiate relative blade strike velocities

within the range most relevant for assessing fish mortality risk. Furthermore, the wide spread of peak acceleration magnitude

values in the RAPID sensor probe, where for example a strike at 2 m/s produced a higher value than at 8 m/s, further reduces

the reliability of peak acceleration magnitude as a metric for strike velocity even below the saturation level.

Although the Sensor Fish appears to show lower variance in its readings, this may be influenced by differences in

experimental conditions, as previously discussed.

Mv Metric Analysis The Mv metric26 is calculated by integrating the three data points before and after a peak that exceeds

95 g. This threshold is used solely for strike event detection and in all tests it correctly identified the occurrence of a strike.

As shown in the middle plot of the figure, this metric saturates at approximately 3 m/s for the Sensor Fish and 4 m/s for the

RAPID sensor, similar to the saturation observed in peak acceleration magnitude measurements. Interpreting this result, the

stated metric threshold of 2.87 coincides with the point at which the metric ceases to vary systematically with relative blade

strike velocity and therefore cannot be assigned a physical meaning in terms of strike severity.

Mp Metric Analysis This metric calculates the difference between steady-state pressure before the strike and the maximum

pressure during the strike resulting from ram pressure of the fluid on the pressure sensor given its direction is aligned with

acceleration vector of the sensor probe, and estimates the corresponding velocity using the Bernoulli equation. For the Mp

metric26, only Sensor Fish data were used. The RAPID sensor was excluded from this analysis because its pressure sensor

samples at only 100 Hz, which is insufficient to capture the rapid pressure fluctuations required for this calculation. While

the pressure conditions in the strike rig differ from those in real turbine environments, the metric is based on hydrodynamic

pressure caused by the sensor accelerating through the surrounding fluid. Therefore, it is expected to function in line with the

intentions of its original authors.

While there is a linear relationship between the metric and the relative blade strike velocity from 1 – 4 m/s, the metric value

decreases significantly at higher velocities, similar to the dip observed in the RAPID results. As a possible interpretation, this

decrease may be linked to the previously discussed flow transition associated with the critical Reynolds number. Because the

Sensor Fish has greater surface roughness, its critical Reynolds number would be expected to be lower than in the case of the

RAPID, which is consistent with the observed decrease appearing at 5 m/s. However, the observed behavior could also be

explained without invoking a flow transition. At higher strike velocities, larger impact forces amplify the rotational moment

generated by small residual misalignments, so that the probe rotates more during impact, intermittently misaligning the pressure

port, underestimating pressure peaks, and increasing scatter. Importantly, the pressure signal does not exhibit hard sensor

saturation analogous to the acceleration measurements. Nevertheless, the presence of this dip, together with the large spread in
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metric values at each velocity, results in substantial overlap across the full range of tested strike velocities, rendering the metric

unable to reliably distinguish between biologically safe (≤4 m/s) and unsafe (>4 m/s) relative blade strike velocities under the

tested conditions.

Figure 3. Results of the peak acceleration magnitude, the Mv and the Mp metrics calculated for the Sensor Fish and the

RAPID. Each distribution is shown as a violin plot, estimated using kernel density estimation and truncated at the extreme data

points to avoid non-physical extrapolations. For each relative blade strike velocity and sensor probe, a bar in the corresponding

color shows the median metric value for this group. This may be compared with the metric thresholds for mortality, which are

given as 2.87 (Mv), and 7.52 (Mp), respectively. For reference, the 95 g threshold for the peak acceleration magnitude metric

was also included, although it can now be considered obsolete. A conservative relative blade strike velocity threshold for

mortality is 4 m/s24. The Sensor Fish did not withstand strikes above 8 m/s, while the RAPID failed at a relative blade strike

velocity of 10 m/s. The RAPID’s pressure sensor operates at 100 Hz, providing insufficient resolution for the Mp metric; it was

therefore excluded from that analysis.

Data-Driven Model Because the three evaluated metrics were found to not be suitable to relate the accelerometer and pressure

data to the relative velocity of the blade strke, we investigated an alternative approach. Based on our evaluation of existing

methods using the strike rig, we found that the total duration of laboratory strike events on the rigid cylinders had durations

ranging from 0.005 to 0.007 seconds. Robust statistical approaches must therefore be able to make use of a small time window

with high variance. As the relative velocity is the main variable of interest, the selected method must also be able to provide
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continuous or categorical numerical results that are easy to interpret. Based on these restrictions and requirements, a naı̈ve

Gaussian Bayes classifier was used to estimate the relative blade strike velocity using both the Sensor Fish and RAPID sensors

fig. 4. The authors first tested several well-known inference methods including multiple linear regression, elastic net, lasso

and kernel ridge methods, none of which provided relative strike velocity estimates with errors less than 30%, which was

deemed to high for practical use. This classifier was chosen because it is computationally efficient to implement, is robust for

small datasets and provides class probabilities, which can be used for uncertainty estimation. The Sensor Fish data range from

1 – 8 m/s, and the RAPID sensor probes were the only devices which were not destroyed at the higher velocities, capturing data

across the 1 – 10 m/s full range. For each dataset, a feature vector consisting of the accelerometer data from each of the three

axes was taken with a length of 15 datapoints. For each feature vector, the second datapoint was the onset of acceleration due

to the strike. This leads to a feature vector with a total length of 45 (15 datapoints, three axes each) for each recorded strike

event. The lowest true positive rate of the RAPIDs of 60 % was for the relative blade strike velocities of 3, 4 and 9 m/s, and

was as high as 96.7 % for 1 m/s. Considering the Sensor Fish, the lowest true positive rate was found to be 70 % was for the

relative blade strike velocities of 3, 4 and 5 m/s, and was as high as 96.7 % for 1 m/s. This indicates that although the sensors

themselves record physically distinct acceleration time series from the blade strikes, the errors associated with the velocity

classification remain similar.
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Figure 4. Confusion matrices of the Gaussian naive Bayes classifier results (RAPID n = 297, Sensor Fish n = 240). The

percentage of correctly classified relative blade strike velocity classes is shown along the diagonal, and the off-diagonal entries

are the percentages of incorrect classifications. The True Positive Rate (TPR) and False Negative Rate (FNR) are indicated on

the right of each confusion matrix, and sum to 100 % across each row.

Suggestions for Future Sensor Probes The strike data from the sensor probes were affected by saturation and insufficient

temporal resolution, resulting in inter-sample peak loss and bandwidth truncation, which made them unsuitable for maximum

value analysis or for deriving velocity through integration of the acceleration signal. Nevertheless, a machine learning algorithm

was able to predict the relative blade strike velocity with reasonable accuracy. Both the high and low acceleration sensor

probes lacked sufficient sampling rates and dynamic range to capture human interpretable dynamic behaviour during stiff body

impacts. Increasing the dynamic range may be difficult, as the 400 g single axis saturation threshold of the RAPID is close to

the maximum currently achievable value with compact, commercially available sensors. By contrast, increasing the sampling

rate is less constrained by physical limits, though it comes with added integration cost during sensor development. Such an

improvement may be valuable if better resolved impact dynamics are required.

For the Sensor Fish, RAPID and BDS sensor probes, the plastic housing tubes did not sustain physical damage; failures

were instead attributed to faults arising from damaged electronic components. The UNSW sensor probe was an exception:

its glued seam failed, and, possibly due to an air cavity in the potting compound, it experienced water ingress at the battery

charging port.

Limitations of the Study The main limitation of this study lies in its transferability to real-world turbine environments. The

strike rig was specifically designed to deliver precise and repeatable blade strikes, which would not have been feasible in a
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model turbine. While this controlled set-up enables consistent testing, it also introduces limitations, particularly the absence of

realistic fluid flow conditions.

Although we have shown that the difference between the motion of the straight and rotary blades is negligible at typical

machine dimensions within the short time frame of a strike, the influence of the surrounding fluid field cannot be replicated.

One way to approximate this is by assuming a relative blade strike velocity. For example, if a fish and the surrounding fluid are

moving at 5 m/s and the blade at 8 m/s, the effective relative blade strike velocity could be modeled as 3 m/s. However, this

assumes a perfectly straight flow, which does not reflect the complex high tubulent flow conditions inside turbines or pumps.

Additionally, although the motion of the blade can be approximated locally as linear at the point of impact, real turbine

blades can strike at varying angles due to a curved blade. This could result in force vectors acting on the sensor probe that differ

significantly from those in our setup. Since the actual range of blade angles in operational turbines is out of the scope of such a

study, we chose to carry out all strikes with a vector aligned normal to the sensor probe surface at the midpoint of the blade.

Because the probes do not replicate fish tissue mechanics, the measured acceleration and pressure signals are not direct

representations of what a fish experiences during a blade strike. Instead, they are used to support prediction of strike velocity,

which serves as a proxy for injury risk. Consequently, the present results do not resolve how differences in material compliance

between sensor probes and live fish influence strike mechanics.

4 Conclusion & Outlook
In this study, we subjected sensor probes that were designed to assess passage mortality for hydraulic structures to simulated

turbine strikes ranging between 1 – 10 m/s.

Metric Analyses We evaluated two recently proposed Mv & Mp metrics26 along with the long-established acceleration

magnitude metric, all of which aim to estimate the severity of a blade strike. We found that the Mv & Mp metrics as well as

the acceleration magnitude saturate at velocities of 3 – 4 m/s. Higher relative blade strike velocities cannot be distinguished

from these saturation levels. Biological threshold tests that subjected anaestezised fish to simulated turbine strikes show that

strikes below 4 m/s do not result in immediate or 48 h delayed mortality, and strikes above 8 m/s result in 100 % mortality for

all species of fish tested24, while probably being higher for eels43. Unfortunately, this makes the application of these metrics

challenging to justify in-field use cases.

Data-Driven Approach to Infer the Relative Blade Strike Velocity We could show that a data-driven approach that uses the

acceleration data of all three axes, instead of the acceleration magnitude, can under laboratory conditions be used to estimate

the relative blade strike velocity with reasonable accuracy; see fig. 4. In order to apply the data-driven approach on field data,

it is first necessary to subject identical sensors in a more realistic yet controlled test environment with high-speed cameras

where the sensor orientation and strike location can be visually confirmed. For rotating blades, the relative velocity can then be

determined using the videos which provide the sensor and blade surface velocity at the recorded point of impact. Afterwards,

the corresponding strike time series data and relative strike velocities obtained from the camera footage can be used to re-train

the classifier in the same manner as the proposed laboratory-based method. However, in the interim, the author’s suggest that in

cases where the relative blade strike velocity estimation is constrained to being above or below 4 m/s, it may be feasible to

apply the data-driven approach to provide a more simplified threshold for strike events with little to no risk of mortality to those

with some risk of mortality.

Lessons for Future Sensor Design Our experiments indicate that, for reliable detection of stiff-body impacts, future sensor

designs should employ sampling rates of at least 2000 Hz, coupled with a data-driven algorithm capable of inferring relative

blade strike velocity. Across most devices, the dominant failure modes were electrical rather than mechanical, suggesting that

improvements in internal electrical robustness should be prioritized over further strengthening of the external housing. If the

data-driven approach does not yield sufficient accuracy in in-field applications, an alternative solution could be to embed the

sensor in a thick soft coating. This would extend the time scale over which acceleration occurs, thereby reducing the peak

acceleration values, reducing bandwidth truncation and intersample peak loss. This approach was demonstrated by Saylor et

al. (2021)44 and has seen further developement recently by Salalila et al. (2025)34.

We demonstrated that current sensor probes are unable to capture the underlying dynamics of a blade strike within the

biologically relevant range. As a result, any metric that depends on resolving these dynamics, such as threshold-based or

physical models, is unlikely to succeed. To address this limitation, we propose the use of data-driven models, which can identify

hidden patterns in the data that are inaccessible to current approaches, thereby enabling the estimation of relative blade strike

velocity with sufficient accuracy under laboratory conditions. Whether this performance can be replicated in the complex

environment of a hydroturbine or pump, and how reliable access to relative blade strike velocity can be achieved in practice,

remains to be determined.
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Data availibility

The raw and aggregated datasets are available online45, along with the code used for aggregation, cutting, and alignment.

Additionally, this software is also accessible on GitHub at https://github.com/ikoesters/srdatacombiner.
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Replacement of live animal tests & integration of new methods in the standards requires 
faith by evidence

o what are the criteria for injury, e.g. thresholds, parameters, etc. ?  

• biological well studied for some species, what about others ?
• good knowledge and transferability from fish to surrogate system for barotrauma but challenging for 

blade strike and collision

o how can we link sensor data to injury and provide evidence ? 

o what about different sensor types/vendors or modeling methods ? Are results comparable and reliable ?
o for experimental methods : reference data from test sites with

• mortality rates from live fish (limited but feasible)
• known & reproduceable boundary conditions (difficult)
• continuous access for repetition with new/novel devices (very difficult)

or : lab tests with standardised protocols (easier ?)
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Replacement of live animal tests & integration of new methods in the standards requires 
faith by evidence
lab tests with standardised protocols : blade strike test rig

robot ic fishblade

linear drive system

water bassin
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Lab tests with standardised protocols : blade strike test rig  

robot ic fishblade

linear drive system

water bassin

• inspired by ORNL1 and EPRI2 test benches
• motorized fully controlled linear drive system
• high strike repeatability (< 0.02% variation)
• 0-9 m/s strike velocity
• aim : repetition of fish tests with sensors and 

correlation to injury
• e.g. Saylor et al. 2019 on bluegill3 :

strike velocity 6 m/s :
94% mortality for small bluegill
60% mortality for medium bluegill

bluegill photo by Zachary Randall by Florida Museum
(https://www.floridamuseum.ufl.edu/discover-fish/florida-fishes-gallery/bluegill/) 
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Lab tests with standardised protocols : blade strike test rig  

o RAPID sensors from TalTech
tech specs : 6-axis IMU, magnetic field, absolute pressure
2kHz sampling rate, polycarbonate housing 
(see: https://biorobotics.pages.taltech.ee/edf/en/)

• IMU accelerations 400 g ± 0.5% F.S. uncertainty per 
axis (uncertainty retrieved from own lab tests)

• translatory motion => 3 axis 
=> acceleration magnitude = 693 g ± 0.5% F.S.

o data from 60 samples for each strike velocity : 1 to 9 m/s

o Hypothesis : criteria for severe injury acceleration 
magnitude > 95 g 

(according to Deng et al. 20104 , time component to differ 
from collision to shear was not assessed)
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Lab tests with standardised protocols : blade strike test rig  
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Lab tests with standardised protocols : blade strike test rig  
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Lab tests with standardised protocols : blade strike test rig  

o for 1 m/s and bluegill mortality 0% : all measured sensor acceleration magnitudes exceed 95 g. 
Max of the median 178 g ( 95%  data percentile : min 123g/max 275 g, max of all samples= 304 g)

o very fast saturation of the sensors starting from 4 m/s. Strike velocities of more than 4 m/s provide similar magnitudes. 
Relative strike velocity of 1m/s can produce same acceleration magnitude as  6 m/s 

o conclusions: 
o (1) acceleration magnitudes cannot provide quantifiable strike velocity data and  
o (2) the 95 g rule is not applicable (at least for the tested sensors)

Strike velocity 1 m/s Strike velocities 1-9 m/s 
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Summary

o standardized tests for collision sensor systems are necessary to provide evidence and faith in the new methods to the 
community

o a blade strike test rig for repeatable sensor testing has been built (a publication with technical details is in submission)

o up to now no correlated strike acceleration thresholds to estimate injury are available, strike velocities hardly quantifiabl e

o TalTech RAPID sensor measurements do not match with the 95 g threshold for severe injury (Deng et al. 20104) when 
comparing to live fish data (Saylor et al. 20191). What about other market available sensors such as ATS sensor fish ? 

o open questions remain :

• cross-comparability : how do sensors from different vendors behave for the same strike ? 
Extended strike testing with standardized protocols on various sensor types are necessary to ensure suitability and 
cross comparability

• method suitability : can injury risk probabilities be quantified from acceleration magnitudes in general ?
Do we need other measures ?  Are rigid sensor bodies appropriate to replace fish for strike test surrogate systems ? 
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Outlook

Are flexible bodies closer to fish body characteristics and do they provide better data for risk probability 
quantification, such as shown in Saylor et al. 20215 ?

Thank you very much for your attention !

contact : 

stefan.hoerner@univ-grenoble-alpes.fr



...there are more RETERO presentations at the congress:

Hoerner et al. - Towards a reliable and validated toolbox to replace live fish tests for the assessment of injury 
and mortality…, Monday, 16:00, Session 11 “Fish screening techniques”

Wagner et al. - Behavior analysis for fish…, Tuesday, 14:30, Session 22 “Safe downstream passage”

Abbaszadeh et al. - Bio-inspired robotic fish for assessment of injury …, Wednesday, 11:45 Session 33 
“Fishway monitoring & evaluation 1“

Kopecki et al. - Estimating fish swimming speed using non-invasive backpack sensors.., Wednesday, 11:15 
Session 34 “Fish locomotion in unsteady flow”
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Abstract. Hydrokinetic vertical-axis cross-flow turbines (CFTT) can
efficiently harness tidal and ocean currents but are prone to vibrations
and fatigue due to complex flow dynamics, especially at low rotational
speeds where blade stall occurs. To study these effects, a lab-scale rotor
was developed with strain gauges on the support structure and embedded
miniaturized sensors in the blades. These sensors measure accelerations,
rotational speed, pressure, and magnetic fields, capturing blade bending,
torsion, and overall rotor motion. They can be calibrated in situ and can
serve as a plug-and-play system for advanced rotor monitoring in future
designs.

Keywords: Tidal energy, Vertical axis turbines, Cross-flow turbines,
Experiments, Fluid-structure interactions, complex instrumentation

1 Introduction
The first mature ecologically compatible technologies based on hydrokinetic en-
ergy converters are now available for tidal streams. In recent years, extensive
field tests have been conducted successfully, and a first 17.5 MW pilot farm is
currently being built in the English Channel1. However, the available sites re-
main limited [1],[4], and the power density and energy conversion efficiency of
hydrokinetic turbines are generally low [11].
Vertical-axis cross-flow tidal turbines (CFTT) promise higher power density per
area than classic axial tidal turbines, which are often referred to as horizontal-
axis turbines. For wind turbines, it has been shown numerically and experimen-
tally that a higher power density can be achieved by an order of magnitude [5].
Due to fluid mechanical similarity laws, it can be assumed that this also applies
to tidal turbines. However, CFTTs pose technical challenges as a result of their
rotation axis being perpendicular to the flow. The rotor blades are subject to a
continuous periodic change in the angle of attack αb [rad], as shown in Fig. 1

1
for example see www.hydroquest.fr/en/flowatt-en/
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Fig. 1. (left) Analytical model of the angle of attack αb (black dashed). (right) Nu-
merical 2D simulations (OpenFOAM, URANS, k-ω-SST model) ([8] CC BY 4.0)

(left). An analysis using velocity triangles results in a non-sinusoidal periodic
curve, which is given by (1). The values of αb depend on the operating point,
which is expressed by the dimensionless tip speed ratio λr (2).

αb = arctan

(
sin θr

λr + cos θr

)
(1)

where θr [rad] is the azimuth angle of the rotor (Fig. 1 (left) for the coordinate
system).

λr =
ωr R

v∞
(2)

where ωr is the angular velocity of the rotor in [rad/s] and R is the turbine radius
in [m], whose vector product reflects the tangential velocity, and v∞ [m/s] is the
velocity of the free flow. Tidal turbines are typically operated at λr ≈ 2, as they
have relatively solid construction due to the high density of water compared to
wind turbines. This requires a low λr value for the optimal operating point [14].
The low value λr in turn leads to very high αb values (30° for λ=2), which are
significantly above the static stall angle of a common rotor blade profile. How-
ever, the rotor dynamics and the resulting high flow instabilities, expressed in
high reduced frequencies, lead to an increase in the dynamic stall angle. In ear-
lier work [8], this angle was shown to reach well over 20° in a common turbine
design as presented in [9]. Therefore, simple turbine models based on static pro-
file data and calculations allow for only a very rough estimate of the mechanics
of such turbines, and the rotor dynamics are key for the turbine characteristics.
Numerical models show high values for αb and dynamic blade separation in the
upstream region of the rotor (Fig. 1 (right)), which are comparable to analytical
predictions, while αb in the downstream region of the turbine is significantly
smaller due to the wake of the upstream region of the rotor in the flow field [6].
In summary, it can be said that the periodic angle change and flow separation
generate alternating hydrodynamic loads that lead to vibrations and, in the worst
case, to failure of the rotor structures. CFTTs have long been known for their vul-
nerability to fatigue failure [10]. However, fluid-structure interactions have been
studied in less detail and most studies are numerical in nature [12]. Therefore, we
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Fig. 2. (left) Instrumentation of the turbine flume model. (middle) Experimental model
in the lab flume. (right) Power uptake is realized with a velocity controlled servo drive.

Fig. 3. Technical drawings and dimensions in mm of the microtag devices (from [15])

have developed a flume-scale turbine model using extensive weak coupled fluid-
structure interaction simulations by employing 2D CFD simulations mapped to
3D FEA [3] with suitable profile shapes [12] equipped with strain gauges [2] to
assess hydraulic loads and experimentally analyse fluid-structure interactions.
In this study, we present an autonomous microsensor system embedded in the
blades of the flow channel model. The aim is to demonstrate a calibration pro-
cess and the benefits and limitations of the current system, which represents
a step forward in our development of a cost-effective measuring instrument for
academic and industrial applications in the field of fluid-structure interaction.

2 Methodology

2.1 General instrumentation setup

The instrumentation and measurement concept of the test setup is shown in
Fig. 2. The turbine is a straight-bladed Darrieus CFTT with three blades and
mountings at both blade tips. The design is based on an aluminum skeleton with
3D-printed fairings. The NACA0018 rotor blade profiles are slightly curved in
accordance with the circumference of the turbine to take into account the flow
curvature resulting from rotation [9]. The diameter and height (blade length) of
the turbine are 400 mm, and the blade chord length is 72.5 mm.
All relevant parameters, such as torque, azimuth angle and blade support load,
are recorded via microcontrollers on a rotating platform and transmitted by
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Table 1. Technical specifications microtags [15]. The sensor measures absolute pres-
sure, 3D acceleration, angular velocities and magnetic fields.

Pressure sensor MS5837-2BA (TE Connectivity)
pressure range 0-2000 mbar
Inertial Measurement Unit (IMU) BMX160 (Bosch Sensortech)
linear acceleration range 16 g [9.81 m/s2]
linear acceleration accuracy 0.01 g [9.81 m/s2]
gyroscope data range 2000 deg/s
gyroscope data accuracy +-2 deg/s
magnetic field data range (x,y / z) 1300 / 2500 μT
magnetic field accuracy (x,y / z) 5 / 10 μT
Overall weight & dimensions
weight 1.6 g
length x height x width 35 x 8.15 x 6.1 mm
Data logging frequency
logging rate 100 Hz

WiFi from a Raspberry Pi 3A + [13] to a desktop computer. The strain mea-
surement system, consisting of five full bridges with strain gauges, enables the
determination of individual blade load components. This system records loads
synchronously with flow fields, which are currently measured using high-speed
particle image velocimetry (PIV). Details were presented in [2]. The turbine
scaling was a trade off in between flow similarity (Reynolds number) and con-
finement (currently 20%). The blade based Reynolds number varies from 50,000
to 100,000 depending on the operation point.

2.2 Embedded FSI sensors
In addition, autonomous embedded FSI microsensors (microtag) were installed
in one blade. Technical specifications and drawings are shown in Fig. 3 & Tab. 1.
Sensor was installed 11 mm toward the leading edge from the quarter chord of
the hydrofoil. Vertical distance from upper blade tip is 150 mm. The opening
for the pressure transducer diaphragm has a 2 mm diameter. A silicone tube
connects the pressure transducer to blade surface. The cavity for the sensor is
filled with ultra-soft silicone to fix the position. The blade stiffness is assured
using a metal rod (stainless steel) as reinforcement. Thus it is hypothesised that
the modification has neglegible influence to the structural characteristics, such
as bending modes or deformation.
The sensors provide linear acceleration, angular velocity and the magnetic field
flux density. In addition, a temperature-compensated sensor measures the total
surrounding pressure. The data was streamed via the microUSB connection to
the Raspberry Pi on the rotating platform and time-stamped to synchronize the
microtag with the other data collected on the turbine.

2.3 Bias removal and calibration

Fig. 4. Coordinate system and Z-axis
data (gravity) after bias removal and
calibration

The sensor is embedded into the blade and
cannot be removed easily. Therefore it is not
possible to calibrate the sensor using stan-
dard methods such as [7]. As a consequence,
the bias from the sensor tilt is removed and
the sensor is calibrated based on a reference
measurement in the installed position. A se-
ries of measurements (N = 2997 samples)
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without any motion and without water (in
air) is performed. The aim of the bias re-
moval is to reorient the coordinate system
of the data from the tilted installation to-
wards the rotating reference X,Y, Z (Z is
aligned with gravity, origin is the sensor,
see Fig. 4). The tilt is determined with lin-
ear acceleration. (3) allow to determine the

time-averaged values for the tilt angles, pitch ρ̄s, roll φ̄s, and yaw/azimuth θ̄s.

ρ̄s =
1

N

N∑
i=0

⎛
⎝tan−1

⎛
⎝ as,x√

a2s,y + a2s,z

⎞
⎠
⎞
⎠

φ̄s =
1

N

N∑
i=0

⎛
⎝tan−1

⎛
⎝ as,y√

a2s,x + a2s,z

⎞
⎠
⎞
⎠

θ̄s =
1

N

N∑
i=0

⎛
⎝tan−1

⎛
⎝
√

a2s,x + a2s,y

az

⎞
⎠
⎞
⎠

(3)

where as is the tilted and raw linear acceleration. x, y, z are the space axes in the
reference frame of the tilted sensor. After determination of the tilt angles a 3×3,
3D rotation matrix with Euler angles R is applied to entire data. Finally the ac-
celeration is calculated using (4) with the time-averaged acceleration magnitude

ās,i =
1

N

N∑
j=0

(as,i,j) to obtain the gain factor q:

qa =

√
ā2s,X + ā2s,Y + ā2s,Z

g
(4)

In a final step, the remaining offset is removed to achieve zero acceleration in
X,Y and gravity g in Z. Previously calculated tilt angles (3) are used to reorient
the angular velocities (ωs) from the gyroscope. After reorientation, the rotational
velocity n (sec. 2.5) is used to determine the gain qω using (5).

qω =
n
60s · 360◦
ω̄s,Z

(5)

with n the rotational speed (30 rpm) of the turbine. The gyroscope offset is
calculated from the calibration data set, as it has no motion and it is known
that ωb,i=0. The total bias removal and calibration method is given by eq. 6.

a = R× as · qa − oa

ωb = R× ωs · qω − oω
(6)

Fig. 4 shows the new reference system and sensor accuracy for acceleration Z (to-
wards gravity). Maximal deviation (including outliers) from gravity is of ±0.04
m/s2 (relative deviation ±0.42%, standard deviation 0.012 m/s2, relative stan-
dard deviation 0.12%). This corresponds to the manufacturer’s technical data
sheet values (tab. 1) and shows the very high accuracy of the sensor system.
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2.4 Pressure data

The microtag’s pressure sensor measures the total pressure, which is of limited
use for the current application as it includes the static pressure. To remove this
effect, the static pressure was calculated and subtracted from the data to obtain
only the remaining dynamic pressure share, as shown in eq. 7.

pdyn = ptotal − (pambient + ρwatergh) (7)

with water density ρwater=1000 kg/m3 and averaged vertical distance from wa-
ter level at flume inlet to sensor h=300 mm. This hydrostatic share is phydro=
2452.5 Pa. Ambient pressure (pambient=106401.66 Pa) is the ensemble average
from calibration data. It includes the offset. Other terms for time-varying pres-
sure inducing quantities like velocity gradients and added mass are neglected.

2.5 Measurement set up
A series of measurements has been carried out at n=30 rpm to demonstrate the
usefulness of the system. This corresponds to λr=1.01 with a power coefficient
CP=0.0516 for a flume velocity v∞=0.62 m/s. The operating point was cho-
sen arbitrarily. However, at 30 rpm, a large angle of attack of the rotor blades
and massive flow separation with strong fluid-structure interactions are likely to
occur during each revolution. This was considered advantageous for the demon-
stration of the sensors. Additional rotor velocities will be considered in future.
Turbine best point is at λr=2.02 with CP=0.22. The period for one rotation is 2 s
(200 samples). Data was captured for 90 s leading to N=9004 samples (microtag
captures at 100Hz) and N=90040 (rotating platform at 1 kHz). The microtag
data is interpolated to 1kHz and synchronized. Finally 34 full rotor revolutions
are assessed.

3 Results & discussion

Tab. 2 shows the resulting measurement data. A cumulative phase lag of 2.2°

Table 2. Measurement data for 30 rpm, λ = 1.1, CP = 0.05; if not expressed otherwise,
the median value for 34 rotations is shown.

Symbol Unit X Y Z
acceleration a [m/s2] -1.833 0.010 9.623
rotational speed [°/s] -16.71 12.53 -179.30
dyn. pressure p [Pa] -1809.51 (min) -547.03 (median) 405.09 (max)

per rotation is found for the microtag compared to the rotating platform. A
simple adjustment method by adding the 2.2° for each revolution is applied for
compensation. It is hypothesised that this phase lag as well as other inaccura-
cies origin from misalignment of the sensor (Z) compared to the rotor rotation
axis. This leads to a tumbling motion compared to the rotor rotation for each
rotation comparable to the obliquity of the earth ecliptic. For some of the pa-
rameters, a reference value is known. For the gyroscope in Z (ωb,Z) a median of
179.3° is measured (n̄=29.88 rpm). The drive system encoder (power take off)
provides a rotational velocity n̄=30.17 rpm. This leads to an absolute differ-
ence to the reference of -0.29°/s (-0.96% relative). Centrifugal acceleration (aX)
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Fig. 5. Linear acceleration in radial direction (X-axis) which corresponds to the cen-
trifugal load. The acceleration shows repeatable pattern of the three blades.

Fig. 6. Angular speed of the Z-axis of the sensor. The gyroscope data shows the rota-
tional speed of the rotor which median is -179.30°/s which is equivalent to 29.88 rpm.

can be calculated for the distance of the sensor to the rotation axis R=0.19 m.
The reference value is aX=1.90 m/s2. Measured median is 1.833 m/s2 (absolute
difference 0.067 m/s2 = 6.4%). Finally aZ has a reference of 9.81 m/s2. The
measured median is of 9.623 m/s2 (absolute difference -0.187 m/s2, -1.91%).
Fig. 5 shows the centrifugal acceleration (X-axis). A repeatable pattern is visi-
ble for each 120°. It includes not only the tumbling from misalignment but also
blade bending due to hydrodynamic loads. However it should be noted that only
one blade is shown. Measured data shows that alternating loads from the two
other blades impact also the one with embedded sensors. The difference in the
magnitudes of the three load alternation phases reflects this effect.
Angular velocity from the gyroscope is shown in fig. 6. This velocity is equiva-
lent to n=29.88 rpm or ωb,Z=179.3°/s (see difference from expected value above).
The pattern of the three blades becomes visible again while the rotational speed
at the shaft (ωr) remains almost at constant speed. This means that the torque
ripple translates into a torsion of the runner which quantifies in the variation of
the angular blade speed in Z. Pressure curves (fig. 7) show a significant decrease
on the suction side for the first 55° and subsequent stalling of the profile with
chaotic variations per turn. The curve stabilizes at 100° and forms a plateau for
150°. It finally increases from 250° to the maximum amplitude at 0° (pressure
side). The slope is very useful for validation of 2D CFD simulations of such
turbines as pressure is largely uninfluenced by 3D effects.
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Fig. 7. Pressure over the azimuth angle for one turn (orange) and 34 turns (blue).

4 Conclusions & outlook
An embedded microsensor to capture the hydraulic loading and blade kinematics
is placed in a flume scaled model of a CFFT. It measures pressure, accelerations
and angular velocities in space.
A case adapted sensor calibration method is proposed and validated on a show-
case dataset. Results show that the sensors provide insights in turbine deforma-
tion (torsion, bending) and show well-known load ripple from alternating loads.
Pressure curves are from great interest for a better understanding of the FSI.
Future work will investigate the data in more depth by using spectral and time-
series analysis and by investigation of FSI effects on blade level for an entire
characteristic curve. The spatial resolved free surface level in the rotor region
will also be accounted when calculating dynamic pressure in future. This will
lead to very important data for validation of 2D simulations for such turbine
types. Pressure data combined with accelerations and angular velocities provide
a rich database for the FSI characterization of such machines.
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