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Abstract

Computational Fluid Dynamics (CFD) simulations are increasingly used to test palacoecological hypotheses.
These analyses output simulated velocity and pressure flow profiles, and drag and lift force values acting on
a model. These outputs are presumed to be internally consistent, assuming consistently applied parameters,
but it is unclear whether these reflect real-world force measurements. Without having certainty in the
simulated force outputs, we risk the resulting palacoecological hypotheses lacking robustness. To test the
difference between simulated and real-world force values, Experimental Fluid Dynamics (EFD) analyses
using flume tanks can be performed, though these have rarely been done for palacobiological research. We
present ongoing, preliminary work to produce a broadly applicable protocol for performing EFD analyses to
validate CFD results. We discuss digital model production and the considerations involved in 3D printing
models to use in EFD, present the low-cost, open-source circuitry equipment used to measure forces, and
display the jig built to support the circuitry above the flume tank during experiments. This protocol is
undergoing refinement prior to data collection, including the method to attach the load cells to the jig and the
material used for the beam connecting the model to the jig. Following refinement, this protocol will be
consequently updated, and a series of validation values will be produced for major early Palacozoic
arthropod body plans under different flow regimes in varied water column positions. These values can be
used to validate CFD results of varied future studies, and the protocol replicated to support others in

performing EFD validation of palaecoecological hypothesis-testing experiments.
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Introduction

Computational Fluid Dynamics (CFD) methods are becoming more frequently employed to quantitatively
test palacoecological hypotheses for extinct animals, including how they moved, how they fed, and where
they lived in the water column. Amongst others, CFD analyses on invertebrates have been used to test
assumptions about feeding behaviours (e.g., in arthropods, Bicknell et al., 2023; in echinoderms, Rahman et

al., 2015, 2020), locomotory hypotheses (e.g., in trilobites, Esteve et al., 2021; Song et al. 2021; Esteve &



Lopez-Pachon, 2023; Isoxys arthropods, Pates et al., 2021), gill function (Hou et al., 2023), the life
orientations of sessile organisms (e.g., Liu et al., 2022), and general shape hydrodynamic adaptations (e.g.,
Hebdon et al., 2020; Pates & Drage 2024). CFD experiments produce simulations of the fluid flow around an
object, such as a 2D or 3D animal model, including visual representations of velocity and pressure profiles,
as well as estimated values of the drag and lift forces exerted on the object by the fluid (Rahman, 2017) (Fig.
1). These simulated results are then used to determine whether the hypothetical ecological modes are
feasible, given a particular fluid flow, or how different morphological features would perform
hydrodynamically in different fluid contexts (Rahman, 2017). The methods and application of CFD to
palaeobiological research have been usefully reviewed by Rahman (2017), Gibson et al. (2020), and Gutarra
& Rahman (2022).

Robust assessment of palacoecological hypotheses therefore rests upon the validity of these simulated forces.
However, while these are presumed to be internally consistent (assuming consistently applied protocol
during analysis), the absolute values, and even magnitudes, of these forces often lack validation to ensure
their accuracy. This is further complicated by the frequent extremely low values of these forces, due to the
slow fluid flow regimes presumed for Earth’s past (and present) water bodies and the small sizes of many
animals, which means that validation experiments for more traditional engineering applications for CFD
around larger objects and faster flow speeds cannot be used. The resulting Reynolds numbers (a measure
predicting fluid flow patterns) are therefore very low, which can complicate flow simulations (e.g., Rauen et

al. 2008; Li & Nielsen 2011).

To date, very few studies have attempted experimental validation of their CFD analyses. Several historical
studies, prior to the first application of CFD in palacobiology, investigated hydrodynamic (or aerodynamic)
impact on fossil preservation, though these are not usually directly comparable to present-day CFD
simulations. For example, Lask (1993) analysed the settling of trilobite sclerites in water to investigate the
preservation of fossil sclerite orientations. Fortey (1985) analysed the streamlining of putative pelagic
trilobite forms and terrace ridges. Plotnick & Baumiller (1988) tested a potential hydrodynamic function (as
a steering rudder) for the telson of pterygotid eurypterids. Jacobs et al. (1994) recorded forces acting on
ammonoid models in flume tank experiments, and Miller (1972) and Pearson (2017) explored water filtering
through trinucleimorph trilobite fringe pits, both of which are potentially comparable to future CFD outputs.
Palmer (2011) constructed model pterosaur wings, testing the acrodynamism in wind tunnel experiments,
and comparing them to aerofoils; the results may also be comparable to future CFD simulations. Other
experimental studies analysed flow around echinoderm models to test a variety of functional morphological
hypotheses (see summary in Rahman 2020). Several recent studies carried out experiments that provide
limited comparison to CFD simulations. Li et al. (2022) tested the drag forces acting on a model of the
Cambrian arthropod Ercaicunia multinodosa placed in a water tank on a moving rig, which could be
compared to simulated drag forces, though they did not measure lift forces and used a high level of model

scaling, potentially rendering the force values unreliable. Gibson et al. (2023) interestingly compared their



CFD simulation results to early wind tunnel EFD results by Balsam and Vogel (1973) to assess the
robustness of their conclusions on archacocyathid feeding hypotheses. While not analysing the palacobiology
of an extinct organism, Davis et al. (2019) carried out a more holistic study on extant horseshoe crabs, using
Particle Image Velocimetry (PIV) to track flow around the horseshoe crab model in experiments and using
this to validate fluid flow simulations. Dynowski et al. (2016) carried out a similar study, examining flow

patterns around an extinct crinoid species using CFD and experimental validation with PIV.

It is imperative that more work is carried out on experimental validation of palaeobiological CFD
simulations, particularly for arthropods. We therefore aim to produce a protocol for ‘Experimental Fluid
Dynamics’, an area of research to broadly validate the results of CFD simulations in palaeobiology. This

manuscript reports ongoing work to this end.

Materials and methods

Model production

Digital models of extinct animals, trilobites initially, were created manually in software Blender, or sourced
from published literature (e.g., Song et al., 2021) or online repositories (e.g., Sketchfab). These were then
refined to allow for 3D-printing of models (Fig. 2A and B). Test models were printed through Protolabs
Network [hubs.com] or on-site facilities at the University of Portsmouth, UK. Models were printed by
stereolithography (SLA), which uses UV light to cure polymer resin, and provides a balance between cost
and precision for printed prototypes (Fig. 2C and D). The 3D printing of animal models is a balance between
several considerations (which may be analysed through design for manufacturability (DFM) analysis during
model production): the scaling of the model, where life-size is ideal so as not to have to scale experimental
measurements or change the density of the fluid, but often this is too small to enable precise printing of
morphological features; the thickness of the modelled walls (thin model walls leads to instable models);
surface intricate features, such as textures, which may impact experiments but are increasingly difficult to
model at smaller sizes; and inclusion of intricate morphological features, such as spines, which will also

impact experiments but are difficult to model accurately and without breakage (e.g., Fig. 2E).

The protocol presented here does not require the printed models to have comparable density to a real-world
organism, because the model is always fixed in position (to the beam; see below). However, if planned
experiments do not wish to fix the model to a similar structure, or the experiments plan to test hypotheses
that involve extensive model movement (e.g., the moment of overturning in flow), then model density would

be an important consideration.

Force measuring
All circuitry equipment used to measure forces exerted by the flow on the model were created by SparkFun
[sparkfun.com]. Lift and drag forces were each measured by one 100g capacity compression mini straight

bar load cell (TAL221), wired to a Qwiic Scale amplifier (NAU7802), which was then connected using



Qwiic cables to a Quiic Mux Breakout board (TCA9548A) and this to an OpenLog Artemis open-source data
logger. Load cells translate pressure into electrical signals, measuring the electrical resistance proportional to
the strain applied to the load cell. The OpenLog Artemis was then connected via USB-C to a MacOS laptop
running Arduino 1.8.18, with force data logging directly onto the Arduino Serial Logger. Force data logging
can also take place directly to a microUSD card inserted in the OpenLog Artemis. The velocity profile of the
flow can be measured using an ultrasonic Doppler velocity profiler (UDVP). The SparkFun circuitry set-up
represents a low-cost solution to force measuring for research; all SparkFun components are inexpensive,

rely on open-source programming, and are accessible thanks to extensive online community support.

Load cells used were rated only to P65 (dust-tight and protected from water from a nozzle), rather than
being immersible for brief periods (IP67) or fully submersible (IP68). This therefore necessitated rigging of
the load cells above the water flow (see below). This reflects the technological limits of force measurement
capability; aluminium alloy load cells can measure at the low force values being exerted on small models in
low flow but are not submersible (best waterproofing available to purchase was IP66), while stainless steel is

submersible but cannot measure force values low enough as it bends less easily.

Jig production

A jig to support the load cells and beam connecting to the model was modelled as a Computer-Aided Design
(CAD) file (Fig. 3), then built in a workshop out of acrylic (Fig. 4A and C) and the load cells screwed onto
the jig. A beam is used to attach the 3D-printed model to the jig, with the beam initially made of hollow
aluminium and to be replaced with a thinner carbon fibre rod. The beam can be unscrewed and connected to
a joint enabling force recording by either of the load cells. One load cell is mounted with the compression
force parallel to the beam movement direction to measure drag, and the other load cell is mounted

perpendicular to this to measure lift.

The jig was then mounted above an Armfield S6 linear flume tank using acrylic sheets and g-clamps on a
dolly that moves on rails along the length of the flume tank (Fig. 4). The model was mounted on the end of
the beam in the flume and the other end of the beam screwed into the jig, with the beam used of a length to

reflect a hypothetical benthic (seafloor) or pelagic (vertical middle of the flow) lifestyle.

Experiments

With the model mounted on the beam in the flume tank at the required vertical height, attached to the jig
with load cells logging force data, the water flow in the flume tank was then turned on (Fig. 4). The inflow
speed was balanced with the height of the paddle at the outflow to modulate the flow speed and depth
depending on desired values. The forces acting on the model will be logged onto computer or microSD card

through the OpenLog Artemis.



Discussion

The preliminary protocol presented here may be used to perform experimental validation of CFD
simulations. The lift and drag force values measured by the load cells record the forces exerted by the flow
on the animal model, and can be used to assess palacoecological hypotheses. The force and velocity values
measured may be qualitatively compared to those produced through CFD simulations using the same digital
models that are 3D-printed and analysed by EFD, to determine if the magnitudes are comparable.
Alternatively, quantitative validation of the CFD simulation results could be performed by statistical
analysis, testing for a significant difference between the force values obtained through CFD and EFD

experiments.

However, this work is still in progress, with needed refinement of the mounting of the load cells, the beam
material and diameter, and testing of the load cell measuring capabilities. Following this refinement, a series
of validation force outputs will be produced for models representing body plans of major Palacozoic
arthropod groups. This protocol will also be used to validate specific CFD studies, with the same models
used in CFD simulations 3D-printed, and the simulation parameters replicated as closely as possible. These
CFD studies can then be used to address a range of postures, morphologies, and flow velocities, at a lower
cost, more quickly, and with a wider range of visualisation choices than feasible for EFD analyses alone

(Rahman, 2020).
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Figure 1: Example CFD simulation to test palacoecological hypotheses; simulated flow around a
hypothetical harped trilobite cephalon, to analyse the hydrodynamic importance of the genal prolongations.
A, simulated velocity, projection taken through axial midline of trilobite; B, simulated velocity, projection
taken through right-hand genal prolongation; C, simulated pressure, projection taken through axial midline of
trilobite; D, simulated pressure, projection taken through right-hand genal prolongation. Images reproduced

from Pates & Drage (2024).



Figure 2: Example of a 3D digital trilobite model (Olenoides serratus) (A, B) and its physical 3D-printed
counterpart (C, D). E shows, as an example of design for manufacturability (DFM) analysis, the trade-off
between morphological detail and the precision of the 3D printing technique used; green parts are sufficient
for printing under DFM analysis, while red parts (note the red at the tips of each spine) are unable to be
properly printed. Scale bar = 1 cm. Digital model under CC-BY-NC-SA license by user Urvogel
[https://cults3d.com/en/3d-model/game/olenoides-serratus-trilobite].
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Figure 3: Various views of the Computer-Aided Design (CAD) for the jig, which was then subsequently

fabricated in acrylic.

Figure 4: A, experiment in progress, with jig above flume tank and connected beam projecting into the water

flow. B, Armfield S6 linear flume tank used for experimental protocol [image from
https://armfield.co.uk/product/s6-mkiii-standard-teaching-research-flume/]. C, view of jig hosting load cells
above the flume tank. D, diagrammatic representation of experimental set-up; load cells are held in the jig

above the flume tank, but the diagram accurately represents their orientations to the model.
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