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Abstract

1. Computational fluid dynamics (CFD) has become an essential tool for studying
fluid interactions in biological systems. While widely used in engineering, its
application in the natural sciences, particularly in paleobiology, remains limited
due to the challenges of meshing complex organic geometries. This study aimed
to bridge that gap by serving both as an accessible tutorial and as an empirical
comparison of meshing strategies and their effects on simulation accuracy and
efficiency.

2. We analyse hybrid meshing techniques that integrate structured and unstructured
grids to improve boundary layer resolution while optimizing computational costs.
As a case study, we focus on the Japanese giant salamander (Andrias japonicus),
assessing the impact of meshing choices on the accuracy of CFD simulations.
Our approach involves comparing mesh configurations and evaluating their
performance in reconstructing fluid dynamics around biological structures.

3. Our findings demonstrate that well-optimized meshing strategies significantly
enhance the reliability of CFD simulations in reconstructing biomechanics and
ecological interactions of both extinct and extant species. The integration of
structured and unstructured grids improves flow resolution, providing insights
into locomotion, functional adaptations and environmental interactions. These
results highlight the importance of meshing choices in advancing CFD applications
in evolutionary biology.

4. This study underscores the potential of CFD as a powerful tool in paleobiology
and functional morphology. By offering both practical guidance and structured
comparison of meshing techniques, we provide a framework that enhances
the accessibility and accuracy of CFD simulations in evolutionary studies. Our
work facilitates the integration of CFD into paleontological research, improving

reconstructions of extinct species' biomechanics and ecological roles.
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1 | INTRODUCTION

Organismal biologists often propose hypotheses about the rela-
tionship between form and function, but it remains uncommon to
support these ideas using numerical methods. Computational fluid
dynamics (CFD) provides a robust framework to simulate and ana-
lyse fluid-structure interactions, offering unique insights into bio-
mechanical and ecological processes. The manuscript introduces key
CFD concepts with a particular focus on mesh generation, aiming
to make these tools more accessible to researchers in organismal
biology. A simplified technical overview is presented to help those
working in functional morphology and biomechanics critically inter-
pret CFD-based studies and apply best practices in mesh design. The
manuscript also explores how turbulence models relate to meshing
decisions, particularly regarding boundary layer resolution, without
delving into complex modelling theories.

In recent years, mechanical engineering has become highly
interdisciplinary, encompassing fields beyond its traditional
boundaries. This has been accomplished through the use of com-
putational tools employing approximate numerical methods,
such as Multibody Dynamics Analysis (MDA) (Huston, 1991),
Finite Element Analysis (FEA) (Unnikrishnan & Somanath, 2024)
and Computational Fluid Dynamics (CFD) (Versteeg &
Malalasekera, 2007), to predict various scenarios in which physics
plays a fundamental role. MDA focusses on the kinematic analysis
of rigid bodies, namely the motion of objects subject to inertial
conditions and constraints (Haug, 1989; Shabana, 2020). FEA en-
ables the analysis of deformable solids under various loading con-
ditions and thermal problems (Erhunmwun & Ikponmwosa, 2017;
Rao, 2005).

The physics of fluids is inherently complex, governed by the
Navier-Stokes (N-S) equations, which currently lack a general analyt-
ical solution for most practical cases (Khatib-Shahidi & Smith, 2010).
This fundamental challenge has classified the N-S equations as one
of the millennium problems (Pérezagua Lopez, 2023) making numeri-
cal methods the only option to achieve an approximate solution, with
the Finite Volume Method (FVM) being the most widely used among
the many available options (Gerck, 2022). These methods allow for
the discretization of the fluid domain, breaking it into smaller control
cells where conservation laws are applied. As a result, CFD enables
the simulation and analysis of fluid behaviour across various appli-
cations, from aerodynamics to biomechanics, despite the inherent
limitations in accurately capturing all turbulence scales (Versteeg &
Malalasekera, 2007; Young & Hildebrand, 1957).

Those three numerical methods can be as complex as desired.
However, CFD stands out for its unique combination of complexity

and versatility, as it involves solving nonlinear partial differential
equations (PDE) specifically the Navier-Stokes equations, which
are further complicated by fluid turbulence. This versatility allows
for the analysis of aerodynamics, hydrodynamics, combustion, heat
transfer, mass transport, rheology, electromagnetism, acoustics and
many other fields (Bahary, 1994; Cedrén, 2018). Additionally, CFD
allows for two-phase simulations involving air and water, and three-
phase simulations with the addition of solid particles. Moreover,
CFD enables the incorporation of solid mechanics from FEA, cou-
pling both methods and developing Fluid-Structure Interaction
(FSI) analysis (Shahril et al., 2024). The addition of dynamic meshes
and the time variable leads to the integration of CFD with MDA (Li
et al., 2015; Liu et al., 2017). However, the CFD numerical method
is highly sensitive to various phenomena, which can occur simulta-
neously. This sensitivity categorizes it as a multi-physics method,
making its use, understanding, and computational cost challenging.

Both FEA and CFD solve the PDE corresponding to their physics
by dividing the volume, whether fluid or solid, into small cells to sim-
plify the calculation. This process is known as discretization, which
results in a mesh (Marcé Nogué et al., 2015). Afterwards, each cell is
assembled to form a system that can be computationally solved ap-
proximately. Meshes are essential for obtaining accurate predictions
in numerical methods. While a well-designed mesh does not always
ensure the best solution, an incorrect mesh will inevitably produce
poor results (Cadence, 2016).

In recent years, CFD tools are expanding beyond conventional
engineering applications to fields such as biology, describing the be-
haviour of living organisms and even aiding in the interpretation of
extinct animal behaviour (Rahman, 2017).

In biology, there are records of two-dimensional CFD analysis
in tadpoles from the 1990s (Liu et al., 1996). Gradually, with bet-
ter computational technologies, the use of 3D models became
more common and helped determine swimming hydrodynamics
in trilobites (Esteve et al., 2021; Esteve & Lopez-Pachdn, 2023;
Wang et al., 2024) and other invertebrates (Hebdon et al., 2020; Lei
et al., 2023; Rahman et al., 2020). In vertebrates, more and more
experiments are being carried out to validate the results of CFD sim-
ulations, such as the study of suction-feeding in the living Andrias
davidianus (Heiss et al., 2013), as well as in other extinct and living
vertebrates (Bourke et al., 2014; Brown & Kirk, 2023; Grohganz
et al., 2023; He et al., 2024; Skews, 2016; Troelsen et al., 2019). In
addition, CFD can offer evolutionary insights: for example, CFD
was used to assess the energy expenditure of Ichthyosaurus in
water, comparing it with present-day aquatic species (Gutarra Diaz
et al., 2019). All these applications underline the value of compu-
tational methods for testing ecological hypotheses from fossil
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FIGURE 1 (a)Control nodes in NURBS curves in the 2D model,
(b) control nodes in NURBS surfaces in the 3D model, (c) parts
included in the CFD mesh for a simple 2D model, (d) parts included
in the CFD mesh for the 3D model, adapted from (ManchesterCFD,
2024), and (e) type of cells. Different types of meshes (f) real
specimen, (g) CAD geometric, (h) FEA, and (i) CFD.

specimens (Rahman, 2017). This advance in palaeontology is driving
a transition from a narrative-based science to a more precise and
quantitative one, thanks to new digital technologies.

For the reasons mentioned above, here we focus on meshes as
the discretization of the computational domain of fluids in the CFD
method in palaeobiological research and to discuss how the proper
use of meshes can significantly impact the accuracy of CFD simula-
tions (Blocken et al., 2011; Tominaga et al., 2008).

This work aimed to help biologists understand and use CFD
more critically and with greater confidence, especially when dealing
with simulations in studies of form and function. Through examples,
practical tips and clarifications of common mistakes, the text serves
as a useful introductory guide, useful both for those applying these
methods and for those interpreting them in collaborative or review
contexts. In doing so, we hope to support dialogue between biology
and numerical simulation, and to encourage broader and more rigor-
ous use of these tools in the life sciences.

2 | WHATIS A MESH?

A mesh is a computational discretization that divides a continuous
domain into finite elements, enabling numerical analysis in various
scientific and engineering fields. In computational fluid dynamics
(CFD), finite element analysis (FEA) and structural mechanics, a mesh
represents the spatial domain by breaking it into small, manageable
regions where governing equations can be approximated numeri-
cally. The primary purpose of meshing is to convert complex geome-
tries into a network of nodes and elements, allowing for the efficient
application of numerical methods such as the Finite Volume Method
(FVM) or Finite Element Method (FEM). The quality of a mesh sig-
nificantly influences the accuracy, stability and computational cost
of simulations. A well-structured mesh ensures proper resolution of
critical regions, such as boundary layers in CFD or stress concen-
tration zones in FEA, while minimizing unnecessary computational
costs. Therefore, selecting the appropriate mesh type and resolution
is fundamental to obtaining reliable and precise simulation results.
In the context of this document, a mesh is a structure comprised
of lines or points that delineate a series of polygons, polyhedrons
or other geometric cells. These components serve to segment and
organize a two- or three-dimensional space into smaller, more
manageable regions (Ganovelli et al.,, 2014). The principal cell
types for mesh generation in computational simulations vary by
dimensionality and physical purpose (Figure 1e). In 2D, triangles
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and quadrilaterals (quads) are essential for surface discretization,
adapting to planar and curved boundaries (Baker, 2005). In 3D,
tetrahedra, hexahedra, prisms, pyramids and polyhedral elements
serve different computational needs. Tetrahedra are flexible but
computationally expensive due to high cell counts, while hexa-
hedra offer efficiency in structured domains but are harder to fit
into complex geometries. Prisms improve boundary layer model-
ling, pyramids aid in mesh transitions and polyhedra optimize 3D
discretization by reducing element count and computational cost
(Marcon et al., 2019).

2.1 | Mesh types

There are many ways to classify meshes. In the present work, the
classification is based on the numerical method, except for the MDA,
which is a method that does not involve meshing.

In engineering, square geometries are typically used, involving
exact measurements, straight lines, right angles and symmetrical
topologies. However, nature is made of irregular and curved geome-
tries since the form of living beings is purely organic. For this reason,
animal morphology represents a major challenge in digital modelling.
With that in mind, geometries can be managed and analysed using
a mesh.

Computer-Aided Design (CAD) models—created using specialized
software packages allow—for high-precision and non-destructive
testing, preserving fossil integrity while enabling fluid behaviour
analysis (Rahman et al., 2017). Geometric meshes in CAD often uti-
lize Non-Uniform Rational B-Splines (NURBS) curves (Figure 1a,b) to
create smooth and organic shapes and can be deformed using con-
trol nodes, which is how geometries are shaped when a real scan is
not available (Rogers, 2001). CAD models can be classified as shell-
type, which only define the surface topology (Figure 1g), or solid

TABLE 1 Summary of common
geometry file formats and their typical use

N ! Format
in numerical methods.

GES (.igs)

.STEP (.stp, .step)

STL

.OBJ

.BREP
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models, which represent the complete volumetric structure of an
object (Figure 1f). These CAD models serve as the foundation for
numerical simulations in various sciences, from engineering to palae-
ontology, aiding in the generation of high-quality meshes that ensure
accurate computational results (Piegl & Tiller, 1997).

FEA and CFD meshes differ significantly in structure and pur-
pose. FEA meshes encompass the entire model, including both its
surface and its interior, to analyse mechanical behaviour. They re-
quire refined areas around stress concentrations, such as notches
and welds (Figure 1h), to improve simulation accuracy (Fortuny
et al., 2015; Marcé Nogué et al., 2015). In contrast, CFD meshes
focus on the fluid domain, surrounding the geometry of interest
(Figure 1i) and typically requiring a more extensive and intricate
mesh. The complexity of CFD meshes arises from handling irregular
geometries and the vast number of cells needed to capture flow dy-
namics accurately. Figure 1c,d illustrate 2D and 3D representations
of simplified computational domains and the important components
within a mesh (Baker, 2005).

In CAD design, various file formats are used to represent digi-
tal geometries. These formats differ in the type of information they
store: some preserve parametric precision and model structure,
while others contain only surface meshes. The choice of format de-
pends on both the source of the model and the requirements of the
analysis. Table 1 summarizes the most common options.

Digital models obtained from 3D scanning or computed to-
mography (CT) initially produce point clouds or image volumes.
It is good practice to process point clouds with software such as
Autodesk Recap, Fusion or Geomagic; MeshLab is a free alterna-
tive. For CT data, Avizo or Drangonfly are widely used, with open-
source alternatives such as 3D Slicer, ITK-SNAP or Biomedisa.
Once the surface mesh is generated, editors such as ZBrush or
Blender (open-source) are suitable for organic modifications, while

precise, symmetric editing or engineering-grade CAD models are

Best practices and typical

Data type applications in numerical methods

Precise curves and surfaces
(NURBS)

Perhaps the most versatile format;
widely supported across software.
Widely used to transfer CAD to
CFD/FEA mesh generation

Parametric geometry and
full topology (NURBS,
solids, assemblies)

Widely used, more modern than
IGES. Common in CFD, and heavily
used in FEA for solid representation

Surface mesh (triangles Very common for CFD with

only) complex organic shapes, fossils,
or biological specimens (from 3D
scanning or photogrammetry)

Surface mesh
(polygons) + optional
textures/materials

Occasionally used in CFD

when models come from
photogrammetry or 3D modelling
software

Full precision Boundary Used in advanced pre-processors
Representation (CAD (OpenFOAM, Ansys, Comsol) for
kernel) exact meshing of models
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best prepared with tools such as Inventor, Solid Edge or the free

option Onshape.

3 | APPROACH TO SALAMANDER Andrias
japonicus MESHING

In this study, two-dimensional and three-dimensional meshes
were generated to perform CFD simulations of the hydrodynamic
performance of an Andrias japonicus salamander (Figure 10).
The salamander model was based on a real specimen identified
as STL820, from the Kanagawa Prefectural Museum of Natural
History (Japan), with a snout-tail length (STL) of 820mm and
snout-vent length (SVL) of 564 mm. The individual died of natu-
ral causes and was preserved in ethanol. It was scanned using a
Revopoint MIRACO Pro 3D structured light scanner, achieving a
precision of up to 0.02 mm.

The CAD model was post-processed using the Oneshape and
Meshlab software solutions. Using the meshing code snappyHex-
Mesh from OpenFOAM, an unstructured hybrid mesh was devel-
oped within a polyhedral domain. The meshing process consisted of
several stages: (1) the initial generation of a background hexahedral
mesh, (2) refinement boxes in regions of interest and (3) the addition
of prismatic layers to resolve boundary layer effects. Subsequently,
steady-state simulations were carried out using Reynolds-Averaged
Navier-Stokes (RANS) equations with the k-w SST turbulence model,
imposing an inlet velocity of 1m/s and assuming incompressible
flow. The results (post-processed with the Paraview software) pro-
vided valuable insights into the effectiveness of the meshing strat-
egy and its impact on simulation accuracy, which is the main focus
of this study.

The simulations were run on a system equipped with an
AMD EPYC 7313 CPU featuring 16 cores (32 threads with SMT)
at 3.0GHz, 512 KiB of L1d and L1i cache per core, 8 MiB of L2
cache and 128 MiB of L3 cache. The system includes 4 NUMA
nodes and 32GB of RAM distributed across 4 memory nodes.
MPI parallelization was employed, and all 32 available threads
were used. All calculations were performed in double precision
(64 bits) on a 64-bit Linux operating system (Ubuntu 24.04 LTS).
The hardware is part of the cluster hosted at the Department of
Mechanical Engineering at the Universitat Rovira i Virgili, specifi-
cally on the'Arquimedes' node. The total computation time for the
complete simulation, using a mesh of 9 million cells, was 10h of

wall-clock time.

4 | MESH GENERATION FOR CFD
4.1 | Discretization
Fluids are modelled as continuous because their molecules are

densely packed and in constant motion. At macroscopic scales,
any small region of fluid contains enough particles for properties

such as density, temperature, and velocity to be well-defined and
to vary smoothly in space and time. However, to apply numerical
methods, we must transition from this continuum perspective to a
discrete representation. In other words, it is necessary to transform
the PDEs into discrete algebraic equations because only in this form
can numerical methods be implemented (Baker, 2005; Thompson
et al., 1999). This transformation is carried out using mapping tech-
niques (Figure 2), which enable the discretization of the computa-
tional domain and allow differential methods. These mesh types are
visually summarized in Figure 2 and described in Table 2 for clarity
and comparison.

These mesh types are visually summarized in Figure 2, described
in Table 2 for clarity and further synthesized in Figure 3.

4.2 | Mesh classification by method

By examining the workflow shown in Figure 4, we can select the
mesh type according to the method used. In the following sections,
each method will be explained to clarify the criteria for making this

selection.

421 | Structured method

Structured mesh methods include the Single Block and Contiguous
Multiblock approaches, each suited to different types of geometries.
The Single Block method uses a single block of ordered cells, making
it ideal for simple and uniform geometries, offering high accuracy
with low computational cost.

However, for more complex geometries, the Contiguous
Multiblock method is a better choice. This approach divides the do-
main into multiple connected blocks, allowing each block to better
fit different areas of the geometry while keeping cell alignment and
smooth transitions between blocks. This continuity at the block in-
terfaces ensures that the mesh remains structured and optimized for
simulations that require greater flexibility without sacrificing preci-
sion (Baker, 2005).

Octree Meshes and Tetrahedral Meshes are two common
types of unstructured meshes, each offering specific advantages
for complex geometries. Octree Meshes use a hierarchical division
of space, where each cell is subdivided into smaller cells, adapting
naturally to irregular or intricate shapes by refining areas of inter-
est while keeping other areas coarser (Figure 5a). This approach
is particularly efficient for managing large, complex domains as it
reduces the number of cells where high resolution is unnecessary.
In contrast, Tetrahedral Meshes consist of tetrahedron-shaped
cells and are widely used for their flexibility in filling irregular
spaces, especially in three-dimensional domains (Samet, 1984).
Tetrahedral meshes are commonly employed in applications where
precise boundary representation is critical, though they may re-
quire additional refinement near complex boundaries to improve

accuracy. Together, these unstructured mesh types enhance the

8518017 SUOLULIOD 3AIERID 3|qed ! [dde 8y} Aq peuieAob a1e SaoNe VO ‘88N J0 S3|n1 10} Aiq1T 8UIIUO AB]IM UO (SUOTIPUOD-PUE-SWLR)Wo A8 1M AReld U UO//Sd1Y) SUORIPUOD PUe SWwie | 8U) 89S *[5202/0T/80] Uo ARiqiauliuo A8|IM ‘(PEpILES 8P OLIBISIUIIN) UOSIAOLY [PUOHEN 8UBIL0D USIUedS AQ 9pT0. XOTZ-T0Z/TTTT 0T/I0p/L0D A8 ARiqijeuljuo'spuinokeg)/sdny woiy papeojumoq ‘0T ‘S20Z XOTZTHOZ



LOPEZ-PACHON and MARCE-NOGUE

(9)

FIGURE 2 Different mapping meshes in the salamander Andrias japonicus. (a) O-mesh: Mapping into the unit circle (Theodorsen &
Garrick, 1979), (b) C-mesh: Coordinate mapping for the tail of the salamander (Arlinger, 1975), (c) H-mesh: Section through the frontal
symmetry of the salamander, (d) Overset method, (e) Patched method, (f) Composite method, and (g) a multiblock C-H mesh (Baker, 1986,

2005; Eiseman, 1979).

TABLE 2 Definitions of common
meshing terms used in CFD.

Mesh type

C-mesh

H-mesh

Patched mesh

Composite mesh

Multiblock method

Definition

Structured mesh wrapping around the
geometry in a C-like shape

Structured mesh aligned parallel to flow, with
symmetry before and after the object

Multi-block mesh where each block is
generated independently and connected
without node-to-node continuity

Multi-block mesh with full continuity
between adjacent blocks (matching nodes
across interfaces)

Division of domain into smaller blocks to
enable local control and structured meshing
in each subdomain

Typical use/advantage

Ideal for capturing
wakes in 2D profiles
(e.g. airfoils), good
boundary layer control

Useful for symmetric
flows and rectangular
domains

Allows flexible mesh
generation in complex
geometries with
minimal constraint

Ensures better flow
solution continuity
across domains,
especially in
structured grids

Combines the
advantages of
structured meshing
with adaptability to
complex geometries
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METHODS
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Single Tetrahedral Octree
Block Meshes Meshes
Contiguous
Multiblock

Multiblock Overset

Superimpose

Patched e

Composite

Structured

+

Unstructured

FIGURE 3 Summary of various mesh generation methods (Baker, 2005).

adaptability of CFD simulations across a range of geometries and
flow conditions (Baker, 2005).

4.2.2 | Multiblock method

The multiblock meshing method is a strategy used in mesh genera-
tion to divide a complex domain into simpler blocks, which facilitates
the creation of meshes in each block individually. This technique is
based on the idea of decomposing the domain into smaller blocks,
where each block can be mapped and meshed more simply than the
entire domain.

Blockmesh is widely used in mesh combinations. In the context
of a C-H mesh, ‘C’ generally refers to a structured mesh, where the
grid lines are aligned with the geometry, providing good resolution
and accuracy in regions of interest. On the other hand, ‘H’ refers
to a block-structured mesh approach, where the domain is divided
into multiple structured blocks or grids, allowing local refinement
and adaptation. In (Figure 2g), a hybrid meshing approach would be
employed, utilizing an H-H mesh combination within Blocks 1 and 3,
while adopting a C-H mesh combination within Block 2. Each block
represents a subdomain that is considerably less complex geomet-
rically compared to the entire configuration. Consequently, these
blocks can be efficiently meshed either by solving PDE or by utilizing
algebraic methods (Lee et al., 1980).

Each block in the multiblock method can be meshed inde-
pendently using algebraic or numerical methods. For example, PDE
or algebraic methods such as transfinite interpolation can be applied
to generate the mesh in each block. Subsequently, the meshes of the

individual blocks are combined to form a global mesh that covers the
entire domain accurately.

This multiblock strategy allows greater flexibility and control
in mesh generation by dividing the problem into more manageable
parts. It also makes it easier to tailor the mesh resolution in specific
areas of the domain, which can result in higher accuracy in numerical
simulations. It even allows refinements to be made in the areas of in-
terest that require better resolution, for example in regions near the
geometry surface or within the boundary layer zone, where higher
mesh resolution is required.

The two multiblock mesh methods are as follows (Baker, 2005):

Patched Methods: In this method, a block structure with defined
boundaries is created, but it is not necessary to maintain the conti-
nuity of mesh lines between neighbouring blocks (Figure 2e). This
allows for refined mesh in specific regions without the need to refine
unnecessarily in other areas.

Composite Methods: This approach is a variant of the patched
method where mesh lines are required to be continuous across block
interfaces (Figure 2f). Although more difficult to create than a stan-
dard patched method, it offers significant advantages in terms of

mesh line continuity and smoothness of the mesh.

4.2.3 | Triangulation methods

This is a mesh generation technique that divides a domain into
triangular cells in 2D or tetrahedral cells in 3D (Figure 2b). These
methods offer greater flexibility in discretizing complex geometries,
as they are not constrained by a predefined mesh structure such as
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Analysis preparation

What physical phenomenon do you aim to observe?
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»(_Definition of Fluid Analysis
Is the goal experimental validation or hypothesis experimentation?

Definition of Turbulence
Model

CAD Acquisition

> \
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SA k-g, k-w, SST, RSM Are high computational resources §—— Fhotogrammetry, Laser, Micro CT
or LES? available?? Structured Light , CMM, or 3d Modeling?
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CAD Preparation
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¥ or ﬂuid~struct:ne interaction?
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FIGURE 4 Conceptual workflow summarizing the meshing pipeline, including steady and dynamic mesh processes, quality criteria, and
decision points. This diagram is intended to serve as a practical guide for researchers unfamiliar with CFD-based meshing strategies applied
to biological models. The cyan colour represent work related with meshing.
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(b) Cell
|
Vinlet ’ vinlet !
— A W A IL“‘ “é-‘-.@ . V
Vinlet 1€ 0.99V, ;| _—
T
1

Prismatic
layers

regime

SALAMANDER SKIN

FIGURE 5 (a)Basic steps for block meshing used in software codes, illustrated here with an Octree decomposition of the region around
the salamander. (b) Behaviour of the boundary layer over the skin of the salamander, highlighting the layered prismatic meshing, derived

from (White, 2009).

block methods. Triangulation can be done incrementally by adding
points and locally adjusting the mesh to maintain cell quality.

One common approach in triangulation methods is the use of
algorithms based on Delaunay triangulation, which automatically
generate meshes from an initial set of points. These methods offer
the advantage of being able to insert points at specific locations to
improve mesh quality while maintaining surface integrity. Although
triangulation may require reconstruction operations to ensure mesh
consistency, its level of automation makes it easier to generate
meshes for a wide range of applications in engineering and compu-
tational sciences (Shewchuk, 1996).

The Advancing Front Method generates a mesh by start-
ing from a boundary and advancing inward, allowing precise
control over mesh refinement and quality in specific regions.
This approach is particularly useful for ensuring high-resolution
cells around critical areas while keeping the rest of the domain
less refined, optimizing computational resources and accuracy
(Baker, 2005).

5 | HOW TO BUILD A MESH IN CFD?

The meshing process in CFD simulations, particularly in biological
and paleobiological contexts, can be systematically approached by
following a methodological workflow such as the one summarized
in Figure 4. This diagram guides the reader from the initial analysis
preparation, where the physical phenomenon of interest is defined
and the turbulence model is selected, through to the final stages of

validation and result interpretation. At each step, key decisions are
integrated, including the meshing method, CAD model preparation,
boundary layer resolution, mesh quality criteria, and in more complex
cases, the use of dynamic meshes or fluid-structure interaction.

The first aspect to consider in this process is the scale of the
phenomenon being simulated and its range of influence. This can
vary from the microscopic, such as biomolecules or cells, to the mac-
roscopic, including large organisms or even atmospheric phenom-
ena. In CFD simulations, the choice of mesh resolution is directly
influenced by these scales, as they affect the accuracy of the results,
especially when applying models such as RANS, which have known
limitations in certain paleobiological contexts (Blocken, 2015;
Schliinzen et al., 2011).

5.1 | Choosing between 2D and 3D models

In life sciences, 2D models are sometimes viewed as outdated
compared to more modern techniques. However, models are
simplifications that allow for the study and prediction of physical
phenomena efficiently (Anderson et al., 2011). In engineering,
simplifications are common, and 2D models play a fundamental
role in numerical methods, especially in fluid mechanics, offering
valuable and precise approximations. The decision between 2D and
3D simulations depends on the nature of the problem, available
computational resources, and study objectives. In line with the
decision-making framework illustrated in Figure 4 2D simulations
are especially suitable when the primary objective is to test a specific
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hypothesis or evaluate a physical principle prior to engaging in more
computationally expensive 3D setups.

For 2D scenarios, such as flow in long channels, 2D models are
highly effective. Additionally, their lower computational cost makes
them useful for preliminary studies, validation and verification, par-
ticularly in analysing ground effect, hydrodynamic behaviour and
flow coefficients.

When combining meshing strategies such as overset grids,
transient simulation, dynamic deformation and hybrid meshes
with accurate boundary layer resolution presents significant
challenges, particularly in maintaining mesh quality metrics and
a stable Courant number throughout the simulation; the defini-
tion of this dimensionless number is provided in Section 6 of the
Supporting Information. In our case study of Andrias japonicus
during suction feeding (Figure 6), biologically relevant movements
such as jaw opening, hyoid expansion and fluid-prey interaction
are explicitly captured through overset mesh dynamics and large-
scale mesh deformation.

Starting with a 2D model can be the best initial strategy, as it
allows for a highly accurate representation, potentially more realistic
than a simplified 3D model that only animates the jaws. By simpli-
fying the geometry to a sagittal plane (Figure 6), we were able to
isolate the essential flow dynamics and boundary layer behaviour,
while ensuring mesh quality and simulation stability over time. This
approach results in sufficiently precise predictions to study the suc-

tion feeding phenomenon characteristic of these animals. Therefore,

2179

a 3D CFD model is not necessarily superior to a 2D one; its effec-
tiveness depends more on the level of detail and quality of the mesh
than on dimensionality alone. Such 2D approaches can serve as
powerful tools for validating theoretical expectations, optimizing
mesh configurations and guiding experimental or 3D CFD efforts
in later stages.

As a good practice, the overset mesh should have smaller ele-
ments than the background mesh (Figure 6e). If overset elements
are too large, interpolation errors increase and numerical stability
decreases, especially in the overlapping regions. A finer overset
mesh ensures more accurate and stable coupling during transient
simulations. Additionally, it is recommended to include layers on the
surfaces of the geometry covered by the overset mesh, as these re-
gions also exhibit relevant viscous effects (Figure 6d).

Meshes are also categorized by topology and purpose, including
2.5D meshes, which balance surface-based and volumetric discret-
ization (Kong et al., 2019; Powalla et al., 2022). These are particu-
larly useful in surface-bound applications where complete volume
discretization is unnecessary but depth information remains rele-
vant (Openfoam, 2024). Surface meshes serve as a precursor to 3D
meshing, ensuring boundary accuracy before volume discretization.
Meanwhile, hybrid meshes, integrating 2D, 2.5D and 3D elements,
are widely applied in complex geometries such as anatomical struc-
tures, where capturing flow gradients and surface intricacies is vital.
These advancements in meshing techniques improve computational

efficiency while maintaining precision.

(d)

Overset Mesh

Time: 84 ms

FIGURE 6 2D mesh of the central section of the Andrias japonicus cranium, obtained through micro-computed tomography, for simulating
the suction feeding phenomenon. (a) Initial mesh with prey; (b) Intermediate jaw opening; (c) Continued jaw opening and hyoid expansion; (d)
Mesh with layered refinement to capture boundary layer effects; (e) Prey mesh implemented using the overset technique.
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5.2 | When to use 3D models in CFD?

Three-dimensional modelling in CFD becomes indispensable in situ-
ations where the nature of the flow, interactions and geometry de-
mand greater precision and representation. For instance, flows that
are inherently three-dimensional, such as those involving complex
turbulence, chemical mixing in reactors or interactions around intri-
cate bodies, require 3D models to fully capture the details of flow
behaviour. Similarly, problems involving the interaction of multiple
physical phenomena, such as the coupling of flow with heat trans-
fer or chemical reactions in three dimensions, necessitate the use
of 3D models to ensure these complex interactions are accurately
represented.

Additionally, three-dimensional modelling is necessary for flows
with inherently 3D effects and geometries lacking a predominant
symmetry axis. This includes cases where complex flow behaviour
cannot be accurately represented in 2D, such as vehicles, wind tur-
bines, buildings and biological organisms such as snails, fish and
asymmetrical species such as Diplocaulus minimus (Figure 7c). A 3D
representation ensures that geometric influence on the flow is pre-
cisely captured, preserving key interactions that would be lost in a
2D simplification.

Moreover, when simulations demand high accuracy and detail,
especially in critical areas of the domain, a 3D model provides a more
detailed and reliable prediction of the physical phenomena under

study.

5.3 | Dynamic meshes

One of the greatest challenges in meshing for numerical methods
is enabling domain motion, which presents a significant computa-
tional difficulty. The main dynamic mesh techniques include mesh
morphing, sliding interfaces and remeshing.

In the case of Andrias japonicus (Figure 8a), the remeshing tech-
nique was employed to accurately represent the fluid dynamics be-
tween the movements of the jaws, as it is well-suited to generate
new elements in regions vacated by moving geometries, such as the
jaws in this study. The remeshing is particularly recommended for
complex or organic geometries.

In each of the dynamic mesh techniques, it is essential to use
a sufficiently small time step size to prevent boundary movements
from deforming or collapsing the mesh, as both mesh quality met-
rics and the Courant number must be monitored, as shown in the
dynamic mesh workflow in Figure 4. In simulations involving rapid
motions, an inadequate time step can cause abrupt deformations,
negative cell volumes, and simulation divergence. However, an ex-
cessively small time step will substantially increase computational
cost. Therefore, it is recommended to test different time step size
values to achieve a balance between geometrical stability and com-
putational efficiency. A common best practice is to initially estimate
the time step size based on the displacement of the moving bound-
ary, ensuring that it remains smaller than the length of the adjacent

mesh elements. In the case of Andrias japonicus, during the mouth
opening motion, the moving boundary corresponds to the mouth
surface, including the associated prism layers. Therefore, at each
time step, the displacement of this boundary should not exceed the
total length of the mesh cells adjacent to these layers (Figure 8b), in
order to maintain mesh quality and geometrical stability.

5.4 | CAD models for paleobiology and CFD
applications

These models can be in 2D or 3D and are used in paleobiology
to represent both living and extinct specimens. In the context of
CFD, they can also model the behaviour of fluids around these
animals. The advantage of using CAD models in paleobiology is
that they eliminate the risk of wear and damage to fossils, as they
allow for non-destructive testing. The precision and detail of the
digital models are nearly identical to the real objects. Therefore,
this discussion will cover the geometric meshes that make up CAD
models, their acquisition, and the types of analyses that can be
performed.

The CAD model must balance geometric detail and compu-
tational efficiency. Simplifying features such as the pronounced
scales of Andrias japonicus (Figure 9d,e) reduces mesh density while
preserving accuracy. Proper spatial positioning on the symmetry
plane (Figure 10a,b) minimizes computational costs. Additionally,
adopting a hydrodynamic posture with raised limbs and aligned tails
(Figure 9a-c) refines simulation realism, while defining the distance
from the ground (Figure 9b), important for an accurate hydrody-
namic analysis. To see the full recommendations, refer to Section 3
of the Supporting Information.

The CAD model of the animals used in CFD simulations does
not necessarily need to be an exact replica of the real specimen.
Simplifications are common in these models, as capturing every mor-
phological detail would result in excessively complex meshes with
high computational cost. Furthermore, biological variability, such as
intraspecific variation, ontogenetic changes and sexual dimorphism,
means that no two individuals within a species are morphologically
identical. In this context, creating a perfectly faithful CAD model is not
only impractical but also often unnecessary. The required level of mor-
phological detail depends on the scientific question being addressed
and the desired degree of precision. For details on how the geome-
tries were obtained from fossils, refer to Section 3.1 of the Supporting
Information. Well-justified geometric simplifications, supported by
comparative analyses and sensitivity studies, can yield biologically
meaningful results while optimizing computational efficiency.

As a general guideline, the overall proportions of the ana-
tomical region of interest should be preserved, while unneces-
sary surface complexity should be avoided. Features such as hair,
sharp angles, small holes and irregularities should be removed or
smoothed to improve mesh quality. In the case of Andrias japoni-
cus, we removed details such as scales and claws, and in the 2D
model, we also excluded the fangs. Small morphological elements
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FIGURE 7 External shapes of the computational domain. (a) Shape of the computational domain for a 2D airfoil (Satyam et al., 2024), (b)
atypical computational domain shape for Protocinctus mansillaensis taken from (Rahman, 2017), (c) Diplocaulus minimus computational domain
representation. Typical hexahedral computational domain shape; and (d) cylindrical geometry of the computational domain of a 3D tube

taken from (Hernandez-Perez et al., 2011).

tend to increase mesh density without contributing meaningfully
to the fluid simulation; thus, it is advisable to simplify or eliminate
them. Only planar or smoothed surfaces should be retained when
feasible.

5.5 | Computational domain

5.5.1 | Shape

To understand the dimensions of the computational domain,
it is useful to compare it to the test section of a wind tunnel.
In CFD, similar principles apply, such as blockage ratio and
domain length (Figure 11c). The computational domain acts as
a digital equivalent of a wind tunnel test section, ensuring that
the simulated airflow is not artificially constrained. Additionally,
since CFD simulations are often validated through wind tunnel

experiments, maintaining a cubic or appropriately scaled domain
shape helps to improve consistency between numerical and
experimental results.

For some two-dimensional simulations, such as those involving
airfoils, circular domains are used (Figure 7a). In some palaeontology
studies, various domain shapes are used to reduce the number of el-
ements required. This is because their cross-sectional area is smaller
than that of a cube, which optimizes computational efficiency while
maintaining accuracy (Figure 7b). However, the most widely used
and recommended shape for its benefits is the hexahedron. Its
widespread use is due to its geometric simplicity, ease of bound-
ary condition implementation, numerical stability, computational
efficiency and compatibility with structured meshes. Additionally, it
offers scalability in HPC environments and adaptability for localized
refinements (Figure 7c).

Although perfect symmetry does not exist in the animal king-
dom, following best practice and within the scope of this example
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FIGURE 8 (a) Remeshing example in Andrias japonicus; (b) Stability condition for mesh morphing, remeshing, and sliding interfaces in
dynamic meshes, where AX represents the distance between the moving boundary (last prism layer) and the first neighbouring volume.

(a) (b) (c)

Tail stopped Tail stopped

Moving tail

Raised legs

Snout on the ground

Distance from ground

Head Elevated (d)

(e)

ML

FIGURE 9 Andrias japonicus CAD position: (a) relaxed pose, (b) swimming pose, (c) stalking or breathing position, (d) real Andrias japonicus,

and (e) CAD Andrias japonicus. Digitizing Fossil CAD Models.

on Andrias japonicus, the organism is assumed to be completely
symmetrical. This assumption allows for a computational domain
simplification with hexahedral shape, where only half of the mesh
is constructed to optimize computational resources. In the case of
Andrias japonicus, since the entire body is simulated in 3D, the model
was positioned along the axis of symmetry and aligned with the
computational domain. (Figure 10a,b).

5.5.2 | Dimensions

The general domain dimensions define the space in which the fluid
will be present, influencing the number of cells and, consequently, the
computational resources required to solve the problem. Beyond mesh
convergence analysis and quality parameters, additional challenges
are associated with domain size, mesh dimension and the distance
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FIGURE 10 (a)Full computational
domain of Andrias japonicus, general
dimensions 1x2.5x14.9m, (b) refinement
box details surrounding the body,

(c) frontal view of the mesh near the
salamander's head, and (d) close-up of the
surface mesh layers on the salamander's
skin.

(@

between the geometry of interest and the domain walls. These factors
often become apparent only after conducting simulations, particularly
during the post-processing of results. For this reason, it is important
to build a first preliminary mesh. When the computational domain
is significantly larger than the object of interest, and the geometry
occupies less than 5% of the total volume, as is common in certain 3D
configurations with its characteristic length oriented vertically and
exposed to air velocities exceeding 5m/s under standard atmospheric
conditions, it is essential to analyse potential errors related to domain
shape and size (Abu-Zidan et al., 2021; Blocken, 2015; Marcé Nogué
et al., 2015). These include the Atmospheric Boundary Layer (ABL),
Blockage Ratio (BR), Local Venturi Effect (LVE), and Global Venturi
Effect (GVE). Preliminary simulations are necessary to observe
how the pressure and velocity of the incoming flow behave as they
approach the domain boundaries, and to assess whether significant
errors occur in these regions. This behaviour is illustrated in more
detail in Section 4 of the Supporting Information.

In the animal kingdom, where organisms can alter their shape
or posture, these factors must be carefully considered when simu-
lating animals in environments where air acts as a fluid, particularly

2183

Simplification of
meshing by

Refinement boxes

symmetry

at high altitudes, as seen in birds. Similarly, observing these aspects
is good practice in simulations of large terrestrial and marine ver-
tebrates, such as colossal dinosaurs, proboscideans (elephants) and
cetaceans (whales). While these organisms generally exhibit a pre-
dominantly horizontal morphology, vertical movements or posture-
induced changes in their characteristic length (see Section 4.2 of the
Supporting Information) necessitate evaluating the same compu-
tational domain errors to maintain simulation accuracy (Abu-Zidan
et al., 2021; Blocken, 2015; Blocken et al., 2011). Boundary and iner-
tial conditions in a CFD simulation define the flow behaviour at the
domain limits and its initial state. These include parameters such as
inlet velocity, outlet pressure, fixed or moving walls and symmetry
boundaries. They are crucial for obtaining realistic and reliable ap-
proximations and are highly dependent on the mesh geometry, espe-
cially when deciding which surfaces are treated as walls or boundary
conditions. As a best practice, it is advisable to explore how the solu-
tion varies with different setups, depending on the objective of the
analysis, as suggested in Figure 4.

In the case of Andrias japonicus, whose predominant body
shape is horizontal and for which a velocity of 1 m/s was imposed,
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FIGURE 11 Example of domain dimensions in the amphibian Andrias japonicus. (a) Dimensions surrounding the geometry of the animal in
a resting position on the ground; (b) dimensions surrounding the geometry of the amphibian in a swimming position, maintaining a distance
from the ground; (c) blockage ratio; (d) velocity profiles upstream of the animal when positioned on the ground, adapted from (Blocken et al.,
2007), and (e) refinement boxes around the body. (L=Salamander length, La=Lateral distance).

the computational domain must be adapted accordingly; for de-
tailed information between boundary and initial conditions, refer
to Section 4.3 of the Supporting Information. It is recommended to
start with the dimensions specified in Figure 11b to create the initial
mesh. Then, you can progressively reduce the domain size based on
the pressure and velocity contours to optimize computational effi-
ciency. This will largely depend on parameters such as the inlet ve-
locity and the blockage ratio.

The use of refinement boxes optimizes mesh resolution and
reduces computational costs by refining critical areas such as the
boundary layer and wake region (Figure 11e). The Multiblock
meshing method ensures progressively finer meshing closer to the
geometry, with the body box containing the highest resolution to
capture flow behaviour accurately. In Andrias japonicus, additional
refinement is placed upstream to capture disturbances before the
fluid reaches the animal, and finer meshing is applied where vortex
structures form (Figure 11d).

In the wake region, multiple refinement levels allow for captur-
ing large-scale vortex structures and their gradual dissipation as

the flow moves downstream. This structured refinement maintains
numerical stability while balancing accuracy and computational ef-
ficiency. For a more detailed explanation of each refinement box,

refer to Section 5 of the Supporting Information.

5.6 | Dimensionless parametery*

This dimensionless parameter allows for a correct prediction of the
boundary layer detachment zones by means of the mesh; these in
turn generate the first vortex structures, which in turn end up form-
ing the wake. This approach is applied in external flow analyses to
characterize hydrodynamic or aerodynamic coefficients in geom-
etries such as transport vehicles, vehicle accessories and living or
extinct organisms (Salim & Cheah, 2009).

The y* parameter arises as a numerical calculation that indicates
the quality of the distance to the wall (boundary layer) represen-
tation from the surface to the far field. Turbulent flows are signifi-
cantly sensitive to the presence of a wall, and the y* parameter exists
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to account for this sensitivity. This number is defined by the follow-

ing expression:

YpU.
- v

+

y (1)

where y,, is the distance between the centroide node at the surface
of the wall and the node where the first sub-layer ends, u, = ﬁ, Ty
is the shear stress in the wall, p is the air density and v is the dynamic
viscosity.

It is generally used to define how coarse or fine a mesh is for
a particular flow pattern, and it is for this reason that depend-
ing on the turbulence model used a different y* is recommended
(CFD-Online, 2018).

5.6.1 | Importance of the boundary layer

The boundary layer corresponds to the region near the walls, for
example, the skin of the geometry of animals or the floor represen-
tation, where the flow behaviour undergoes a complete transforma-
tion, especially in the direction normal to the surface (Figure 5b). The
theory of the boundary layer, introduced by Ludwig Prandtl in 1904
(Prandtl, 1904), states that in a very thin region adjacent to the wall
of a body, the effects of viscosity are significant and manifest as a
velocity gradient (White, 2009). Within this layer, the fluid velocity
increases from zero to approximately 99% of the free stream veloc-
ity due to the no-slip condition; for detailed information, refer to

Section 2 of the Supporting Information.

5.7 | How to capture boundary layer in CFD?

There are two main approaches to capturing the boundary layer in
CFD simulations: fully resolving the boundary layer or using wall
functions. The first method consists of generating a fine mesh that
allows direct resolution of the turbulent structures all the way to the
wall. To achieve this, the mesh must be structured in multiple layers
of prismatic cells (Figure 5) with the longest dimension aligned to
the flow direction, ensuring an accurate representation of the veloc-
ity gradient near the wall (Figure 10d). The centre of the first cell
must be positioned inside the viscous sublayer, which is the region
where molecular viscosity dominates over turbulence (Figure 5b).
This approach requires keeping the y* parameter close to 1 in the
surface of the wall, meaning the first cell height must be sufficiently
small to resolve the near-wall effects without relying on empirical
models (Gersten, 2009). As a result, this method provides highly ac-
curate predictions of shear stress and boundary layer detachment
but significantly increases computational cost due to the high mesh
density required near walls. It is commonly used for low-Reynolds-
number flows, such as those found in simulations of terrestrial ani-
mals, swimmers, and bio-inspired robotics, where precise drag and

lift calculations are essential.
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The second method involves using wall functions, which allow
for a coarser mesh by avoiding the need to resolve the viscous sub-
layer. Empirical equations are used to model the flow behaviour
in this region, bridging the gap between the wall and the fully de-
veloped turbulent region (Liu, 2017). In this approach, the first
cell must be positioned in the logarithmic region of the boundary
layer (Figure 5b), where velocity follows a well-established log-law
profile. This significantly reduces computational costs by allowing
larger cell sizes and avoiding excessive refinement near the walls.
Wall functions are typically used in high-Reynolds-number flows,
such as those found in supersonic and compressible flow simulations
(Tominaga et al., 2008). In nature, only a few animals, like the per-
egrine falcon (Falco peregrinus), can reach such speeds, with Mach
numbers around 0.31 during a dive (Tucker, 1998). However, in cases
where boundary layer detachment plays a determining role, such
as in the hydrodynamics of the Andrias japonicus salamander, this
method may introduce inaccuracies, as it does not fully resolve the
separation points along the back and tail where negative pressure
gradients occur.

Studies across a range of applications show that for direct
boundary-layer resolution using RANS or LES models, maintaining
y* =1 is critical for accuracy (Patel et al., 1985) Conversely, in highRe,
wallfunction approaches remain accurate when y* is in the 30-60
range (Salim et al., 2010). Recent works further supports using wall
functions with y* =30-300 (Yang et al., 2024). Depending on the
target y* value (Table 3), the process may become iterative, as illus-

trated in workflow diagram (Figure 4).

5.71 | Determining the first layer height-y

This initial layer height y = 2y, can be calculated as:

y*tv
u

T

Yp = (2)
where u, is the friction velocity (Equation 1), which depends on the
flow conditions.

1
T, = <§pvm2)cf (3)
7,,is the shear stress in the wall and C; is the skin friction coefficient
-23
C; = |2logypRe—6.5] )

There are two approaches to determining the height of the first layer.
The first involves a series of calculations based on theoretical princi-
ples and fundamental equations to obtained y, (Figure 5b), while the
second follows a more practical, iterative approach. In some cases,
the calculated values may be extremely small, depending on the flow
regime.

The iterative process for determining the first layer height in

CFD begins with an initial simulation using a mesh based on prior
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TABLE 3 Recommended y* values across flow regimes, turbulence models, and biological or engineering applications.

Reynolds number Flow regime Targety™*
<1000 Laminar Not critical
1000-10,000 Transitional =1 or higher
10,000-100,000 Low turbulent =1
>300,000 Fully turbulent >30
>1000,000 High turbulence 30-300

experience. According to best practices, for animals ranging from 0.3
to 3min length, an initial layer thickness of approximately 0.025mm
is generally effective. After the initial simulation, the y* values at the
wall are extracted from the results, and the mesh is refined accord-
ingly. If y* is too high, the first layer height should be reduced; if it
is too low, it can be increased to improve computational efficiency.
This iterative process continues, adjusting the mesh and rerunning
the simulation until the target y* value is achieved, ensuring proper
boundary layer resolution for the selected turbulence model. In gen-
eral, maintaining a y* value below 10 is recommended, with values
closer to 1 providing optimal accuracy (CFD-Online, 2018).

In the case of Andrias japonicus, an average of 12 layers was ob-
tained (Figure 10d). The y* value varies across the surface, with most
values remaining close to 1 (Figure 12a,b), making it imperative to
prioritize its control in key areas, which are often regions of nega-
tive pressure where the boundary layer detaches. In the case of our

salamander Andrias Japonicus, this would be along its back and tail.

5.8 | Mesh quality assessment

Once the mesh generation is complete, it is essential to verify the
quality parameters. In the case of transient simulations, the dimen-
sionless Courant number serves as a key indicator of numerical sta-
bility in time-stepping, with values ideally kept below 1 to prevent
instabilities (Table 4).

It is important to emphasize that these parameters are purely
geometric and serve only as indicators of mesh quality. However,
meeting all these criteria does not necessarily guarantee that the
mesh is final or optimal for convergence. Achieving an effective
mesh requires additional considerations beyond geometric quality,
such as numerical stability and solver-specific requirements.

These quality parameters are derived from the most widely
used CFD software, including the commercial Ansys Fluent (ANSYS
Inc., Canonsburg, PA, USA) and OpenFOAM, which is available in

Modelling approach Example application

Flow around small larvae, micro-
swimmers, or creeping flow in
thin channels

Direct resolution (no turbulence)

Direct resolution or low-Re
models

Amphibian suction feeding (e.g.
Andrias japonicus), insect-scale
swimmers

Wall-resolved RANS or LES Swimming fish (e.g. trout),

bioinspired robotic fins

Wall functions (RANS, URANS) Flow over buildings, wings,
dolphin body flow, or large

aquatic animal locomotion

High-Re RANS with wall
functions

Aerodynamic simulations,
wind turbines or flow in urban
environments

two versions: OpenFOAM.org, developed and maintained by The
OpenFOAM Foundation in London, UK, and OpenFOAM.com, man-
aged by OpenCFD Ltd. in Bracknell, UK, as an open-source platform.
Additionally, COMSOL Multiphysics (COMSOL Inc., Burlington, MA,
USA) also implements similar mesh quality diagnostics.

5.9 | Relation of the mesh with turbulence models

FEA meshes are smaller than CFD meshes since only the object
itself is meshed rather than the entire domain. In CFD, mesh den-
sity is highly influenced by the turbulence model used (Figure 13c).
The RANS model allows for a coarser mesh by averaging turbulent
fluctuations, while LES requires finer refinement to capture smaller
turbulent structures, particularly near walls and within flow cores.
The DES model combines both approaches, leading to increased cell
counts in complex flow regions.

DNS (Direct Numerical Simulation) fully resolves all turbulence
scales without simplifications (Figure 13d), demanding an extremely
dense mesh and substantial computational power, making it imprac-
tical for large-scale simulations, particularly in animal studies. The
FSI (Fluid-Structure Interaction) approach, which integrates CFD
and FEA, requires refined meshes in critical areas to accurately
model interactions between fluid flow and structural deformation.
Therefore, the choice of turbulence model directly affects mesh
size, influencing computational cost and simulation accuracy (Gibson
et al., 2021).

5.10 | Mesh density and convergence

It is commonly assumed that increasing the number of cells in a mesh
leads to better results. However, there is a practical limit to mesh
refinement, as excessive density not only increases computational

cost but also reaches a point where further refinement does not
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FIGURE 12 (a)y™* distribution over the entire surface of Andrias japonicus. The abdominal region and some parts of the tale, which is in
contact with the substrate, lacks boundary layers, and (b) histogram of y* distribution over the salamander's surface with 24 bins.

significantly improve accuracy. The key question is: When should we
stop increasing mesh density to balance precision and computational
feasibility?

To this end, it is essential to perform a convergence analysis. This
process allows us to determine the point at which further mesh re-
finement no longer produces significant improvements in accuracy,
while ensuring efficient use of computational resources. In the case
of the mesh generated for the salamander Andrias Japonicus, it is ob-
served that with 9 million elements (Figure 13a), the drag coefficient
results do not vary by more than 5% as the number of cells increases.
Therefore, this mesh size is considered the most efficient, as it does
not require additional computational resources without providing
significant improvements in accuracy. This 5% threshold marks the
point where convergence begins; if greater precision is required for
more sensitive comparative studies, the number of elements can be

further increased. Consequently, it can be stated that with 9 million

elements the results have reached convergence. As a best practice,
it is recommended to generate at least three meshes: a coarse, a
medium, and a fine one, as shown in Figure 4.

However, in some cases, convergence is not obtained; in con-
trast to what was observed in the salamander example, alterna-
tive methods are required to achieve it. The first is called Uniform
Refinement, which subdivides all mesh cells. However, this increases
the number of cells exponentially along with computational cost,
making it ideal for coarse meshes within the asymptotic range
where error predictably decreases with refinement (Figure 13a). In
contrast, Non-Uniform Refinement adds cells only in regions with
higher flow dynamics, typically around the geometry of interest and
in the wake (Baker, 2005), using refinement boxes as explained in
the “Refinement Boxes” section. This approach improves local accu-
racy without globally increasing the mesh size, making it useful for
complex geometries and variable flow conditions. However, in more
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TABLE 4 Quality metrics most commonly used in the most widely used CFD simulation software.

Quality metric

Aspect ratio

Orthogonality

Skewness

Smoothness

Determinant of the Jacobian
Matrix

Non-orthogonality

Cell Volume Ratio

Cell Determinant

Flatness

Explanation

Measures the proportion between the
element dimensions. Values close to 1
indicate a well-proportioned element

Indicates how perpendicular a cell is relative
to its neighbours. Ideal values are close to
90°, reducing numerical diffusion

Assesses how much the cell shape deviates
from an ideal shape (cube or tetrahedron).
Lower skewness is better.

Evaluates the size transition between
adjacent cells. Smooth transitions help
maintain solver stability

Measures how distorted an element is in 3D
space

Measures the angle between face normals
and the vector connecting cell centers. Lower
values reduce interpolation errors

Compares the volume of neighbouring cells.
Large differences can destabilize the solution
and reduce accuracy

Like the Jacobian determinant, evaluates
cell deformation in 3D to detect inverted or
collapsed cells

Evaluates how flattened a cell is, particularly
in prisms or hexahedra. High flatness
indicates nearly collapsed faces and poor cell

Desirable range

1-3 (optimal), <5 acceptable

~90°

<0.25 ideal, <0.5 acceptable

Gradual changes between cells

Values near 1 indicate low deformation

<70° (lower is better)

<2 ratio between neighbours

~1; avoid values near O or

<0.5 preferred (closer to O is better)

Source

Ansys Fuent (2024)

Ansys Fuent (2024)

Ansys Fuent (2024)

Ansys Fuent (2024)

Ansys Fuent (2025)

OpenFOAM (n.d.)

OpenFOAM (n.d.)

OpenFOAM (n.d.)

Ansys Fuent (2024)

quality

specific situations where convergence is not achieved, an alterna-
tive strategy is to increase the number of cells based on Richardson
Extrapolation (Roache, 1998), a method that estimates the discret-
ization error by comparing solutions at different mesh resolutions
and extrapolating towards an asymptotic limit. Another widely used
approach is the Grid Convergence Index (GCI) (Slater, 2021), which
provides a quantitative measure of the numerical uncertainty by as-
sessing how the solution changes with successive mesh refinements.
These methods ensure that mesh refinement leads to a reliable and
converged solution rather than merely increasing computational
cost.

For more complex simulations, like transient ones or those in-
volving intricate internal flows, achieving convergence can be
challenging. This occurs due to an ‘oscillatory convergence’ phe-
nomenon, where simulation results oscillate between different con-
vergent states instead of settling into a single solution (Ramponi &
Blocken, 2012). Such situations can arise in complex flow problems,
such as those found in urban environments, rotating machinery,
and vehicle aerodynamics. Multiple factors can influence model
convergence.

To address this issue, strategies such as adjusting the number of
preceding iterations to 107 can be employed to ensure numerical
convergence, which is considered a best practice, though it should
not be confused with mesh independence (Figure 13b) (Ramponi
& Blocken, 2012), validating with a more robust computational

model (such as Large Eddy Simulation, or LES) or using a detailed
experimental setup like Particle Image Velocimetry (PIV) (Revuz
et al., 2012). However, these types of simulations are uncommon
in the paleobiological field, especially when characterizing the hy-
drodynamic performance of a specific animal. In such cases, only
steady-state external flow is analysed. But it is necessary to recog-
nize that traditional mesh convergence is not the only method for
computationally validating a CFD simulation.

5.11 | Mesh generation software

Both open-source and commercial CFD software solutions handle
numerical calculations, often including integrated or standalone
meshing tools essential for preprocessing. Around 80 meshing pro-
grammes exist (Vascular, 2009), but the most widely used ones are
listed below (Table 5).

6 | DISCUSSION AND CONCLUSIONS

The CFD simulation process is highly iterative, with each step
requiring specific conditions that often need revisiting previous
stages for adjustments and refinements. From the acquisition
and preparation of the CAD model to the final validation of the
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FIGURE 13 (a) Convergence of the Drag Coefficient, (b) residuals between iterations (SimScale, 2018), and (c) impact of model type and
simulation method on the number of cells. The number of cells in the different meshes was determined using the geometry of a 2D Andrias
japonicus salamander as a reference, and (d) Prediction methods in CFD, adapted from (Ansys Fuent, 2024).

results, the mesh plays a crucial role in ensuring both the accuracy
and stability of the simulation. As illustrated in the workflow
diagram (Figure 4), the steps highlighted in cyan indicate where
the meshing process is directly involved, underscoring its central
role in the overall workflow.

The process begins with the definition of the fluid analysis, fol-
lowed by the selection of the appropriate turbulence model and di-
mensionality (2D, 2.5D, or 3D). Next comes mesh generation, where
careful consideration of the boundary layer is essential. The target
y* value, mesh quality criteria, and convergence are key elements to
ensure reliable numerical predictions.

Systematically addressing each of the questions presented in
the workflow of Figure 4 naturally leads to an iterative process.
Once the final mesh is achieved and the corresponding simulation
is executed, the results can be representative and provide a close
approximation of the system's real behaviour. These results can be
used to perform multiple analyses and even test previously formu-
lated hypotheses. This iterative approach highlights the substantial
influence of meshing on CFD simulation quality, establishing it as a
critical component that must be handled with precision to achieve
reliable and representative results (Blocken et al., 2007). However,
real experimentation remains the most robust method for validating

these predictions or, if necessary, calibrating and adjusting the CFD
model.

From a biological perspective, while expertise in numerical sim-
ulations may not be fully developed, collaboration with engineers
can be significantly strengthened through well-constructed CAD
models (see Section 3 of the Supporting Information). Providing ac-
curate ecological information is essential, especially when studying
prehistoric specimens, where understanding the physical properties
of ancient fluids, such as atmospheric composition or water, sup-
ports physical consistency in the model. Although variations in vis-
cosity or density may influence results, their effect is typically minor
compared to that of morphological factors. Additionally, whenever
possible, experimentation with extant species that share functional
or morphological similarities can serve as a valuable reference to val-
idate computational results. However, the greatest challenge lies in
biologically interpreting the outcomes of these simulations with a
critical and scientifically sound perspective. CFD generates highly
detailed visualizations of fluid interactions, but extracting meaning-
ful evolutionary, ecological, or biomechanical insights requires in-
terdisciplinary dialogue between biologists and engineers to ensure
that the conclusions drawn are both computationally robust and bi-
ologically plausible.7.
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7 | CONCLUSIONS

To represent living organisms in biomechanical simulations, the
mesh design must adapt to the complexity and morphology of the
structure being analysed. The main challenge is to find a balance be-
tween mesh resolution and computational efficiency.

Simple geometries, such as isolated bone sections, can be mod-
elled with basic meshes, reducing computational costs without com-
promising accuracy. However, more complex structures, including
soft tissues, joints, and flexible elements, require higher refinement
to accurately capture their deformable behaviour and interaction
with the flow. While this increases simulation time, it provides more
precise biomechanical analyses. In this context, unstructured hybrid
meshes are particularly effective for modelling living organisms,
allowing for localized refinement in key regions without excessive
computational cost.

Meshing is more than just a step in CFD; it is the core of
simulations and the most iterative and time-consuming process
(Figure 4). Even with a well-defined CAD model and properly es-
tablished boundary and initial conditions, a poorly designed mesh
will compromise the accuracy of the results. While automatic
meshing tools can be useful, their solutions are not always opti-
mal, lacking the ability to intelligently adapt to complex geome-
tries. Developing expertise in meshing techniques is essential for
achieving accurate predictions.

Computational simulations have revolutionized the study of
biomechanics, enabling researchers to infer from fossil evidence
how extinct species moved, interacted with their environment,
and adapted over time, thus complementing traditional paleon-
tological methods. However, these remain approximations, con-
strained by data availability, model accuracy, and computational
limitations.

Even with 3D models, reality is never fully captured. These
simulations require greater computational resources and may in-
troduce new sources of error. In many cases, a well-designed 2D
simulation with appropriate turbulence models, transient condi-
tions, and correctly formulated boundary and initial conditions
can provide more accurate predictions than an overly simplistic
3D model. In biological research, assuming that 3D simulations are
always superior is a misconception, as accuracy and computational
efficiency depend on selecting the appropriate level of complexity
for each study.

The validation of CFD models with experimental data or living
species is fundamental for improving results' reliability. Only through
proper validation can a model be considered robust and successful,
as illustrated in Figure 4. For extinct organisms, simulations can be
compared with experiments on modern evolutionary relatives, pro-
viding a biologically coherent reference framework. Additionally,
interdisciplinary collaboration between palaeontologists and engi-
neers improves model accuracy, ensuring that computational find-
ings are both biologically meaningful and methodologically robust.

The integration of artificial intelligence (Al) into CFD is trans-
forming the field, optimizing models and accelerating calculations
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(Bhatia et al., 2024). Being one of the least trivial stages in CFD,
meshing will inevitably follow this trend, with Al-driven adaptive
meshing reducing manual iterations and improving efficiency in
complex geometries (Lorsung & Farimani, 2022). However, while
these advancements promise significant progress, the true challenge
lies in integrating Al effectively without compromising the precision
and expertise that human intervention provides. The future of CFD
will not be about replacing traditional methods, but about refining

and enhancing them through intelligent automation.
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Figure S1. (a) Control nodes in NURBS curves in the 2D model, (b)
control nodes in NURBS surfaces in the 3D model, (c) parts included
in the CFD mesh for a simple 2D model, and (d) parts included in the
CFD mesh for the 3D model, adapted from (ManchesterCFD, 2024).
Different types of meshes: (e) type of elements, (f) real specimen, (g)
CAD model, (h) FEA model, and (i) CFD model.

Figure S2. Different mapping meshes in the salamander Andrias
japonicus. (a) O-mesh: mapping into the unit circle (Theodorsen &
Garrick, 1979),(b) C-mesh: Coordinate mapping for the tail of the
salamander (Arlinger, 1975), (c) H-mesh: section through the frontal
symmetry of the salamander, (d) Overset method, (e) Patched
method, (f) Composite method, and (g) a multiblock C-H mesh
(Baker, 1986, 2005), (Eiseman, 1979).

Figure S3. Andrias japonicus CAD position: (a) Relaxed pose, (b)
Swimming pose, (c) Stalking or breathing position, (d) Real Andrias
japonicus, and (e) CAD Andrias japonicus.

Figure S4. (a) Water-blocking effect, (b) local venturi effect, and (c)
global venturi effect, taken from (Abu-Zidan et al., 2021).

Figure S5. Domain Shape-Related Errors in Andrias japonicus. (a)
Water-blocking effect around the salamander's body. (b) Velocity
error (%) in the computational mesh. Minimal Presence of Global and
Local Venturi Effects (GVE & LVE).

Figure Sé. lllustration of characteristic length (L) for various objects
in fluid dynamics. (a) Vertical structures such as buildings, where
height is the predominant dimension. (b) Large terrestrial vertebrates
like sauropod dinosaurs, whose characteristic length depends on
posture. (c) Elongated marine organisms such as oarfish, where

height dominates when swimming vertically. (d) Horizontally oriented

marine animals like whales, where the characteristic length is typically
their total body length (Vogel, 1994). (e) Quadrupeds like elephants,
where characteristic length varies with movement and posture. (f)
Streamlined man-made objects such as cars, where length dictates
aerodynamic behavior. (g) Humans, whose characteristic length
depends on movement orientation. (h) Salamander Andrias Japonicus.
Figure S7. Mesh adaptation based on flow direction in Trilobite
Microparia, taken from (Esteve & Lopez-Pachén, 2023). (a)
Computational domain for crossflow and oblique directions (e.g.
45°). (b) Symmetric domain, where only half of the trilobite is
meshed, applied for frontal and rear flow simulations.

Figure S8. Example of domain dimensions in the amphibian Andrias
japonicus. (a) Dimensions surrounding the geometry of the animal
in a resting position on the ground, (b) dimensions surrounding the
geometry of the amphibian in a swimming position, maintaining a
distance from the ground, (c) blockage ratio, (d) velocity profiles
upstream of the animal when positioned on the ground, adapted from
(Blocken et al., 2007), and (e) refinement boxes around the body.
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