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Abstract

Air-structure interaction is a key aspect to account for during the design of Micro Air Vehicles. In this context, modelisation
and numerical simulations represent a powerful tool to analyse aerodynamic performances. This work proposes an advanced
fluid—structure interaction numerical technique for the simulation of dragonfly wings, considered one of the most interesting
model due to their complex flapping kinematic. The fluid subproblem, described by incompressible Navier—Stokes equations,
is solved in a Finite Element Arbitrary-Lagrangian-Eulerian framework, while the solid subproblem is addressed using
structural Finite Element, such as membranes and beams. Moreover, a novel remeshing algorithm based on connectivity
manipulation and refinement procedure has been implemented to reduce element distortion in fluid mesh, thus increasing
the accuracy of the fluid solution. Firstly, the deformation of a single hindwing has been studied. Secondly, the dragonfly
model is enriched by incorporating the forewing and a simplified thorax geometry. Preliminary results highlight the complex
dynamic of the fluid around the body as well as the efficiency of the proposed mesh generation algorithm.

Keywords Fluid—Structure Interaction - Arbitrary-Lagrangian—Eulerian - Structural Finite Elements - Remeshing
Technique - Flying Objects

1 Introduction Within this context, Micro Air Vehicles (MAVs) repre-

sent the state-of-the-art in aerospace engineering technology

Flying objects have always fascinated and intrigued humans,
symbolising both impressive technological achievements
and the marvels of nature. From bird flight to the advanced
engineering of modern aircraft, the field of aerial entities
encompasses a wide variety of shapes, sizes, and functions.
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and robotics [1, 2]. These compact aerial platforms have
progressively gained significant interest thanks to their small
dimension, lightweight design, and manoeuvrability [3-5].
Notably, recent MAVs designs draw inspiration from vari-
ous insects including Diptera [6], Hymenoptera [7], and
Odonata [8], as well as avian species such as doves [9, 10].
These cutting-edge bio-inspired MAVs aim to mimic the
high aerodynamic performance of their wings and achieve
their optimal weight balance. The complete comprehension
of the structural functioning of wings under dynamic wing
loading poses an ongoing challenge to optimise the design
of MAVs [11].

In the present investigation, we focus on the three-dimen-
sional structural function of dragonfly wings, because their
venation pattern and corrugation have remained surpris-
ingly similar throughout their evolution, indicating that this
conserved trait plays a significant role in flight [12]. Addi-
tionally, dragonflies possess two pairs of wings that can be
independently controlled, which enable them to perform
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impressive manoeuvres and maintain greater stability
throughout all stages of gliding [13].

Furthermore, previous works have discovered intriguing
findings regarding the crucial role of insect venation patterns
in their capacity to bear loads [14]. Remarkably, the corru-
gated nature of insect wings has proven to be advantageous
in terms of both stiffness and aerodynamic prowess at low
Reynolds numbers providing strong structural integrity [15].
In this regard, researchers worldwide attempt to reproduce
insect flight with mechanical systems, and several prototypes
capable of hovering, gliding, and control authority have been
developed [16, 17]. In particular, the choice of the wings
geometry requires an in-depth study of efficient and aero-
dynamically performing design [18].

During this design phase, analyses of the structure and
reliability of the devices are necessary [19]. In this con-
text, numerical simulation allows for quantitatively studying
both the structural response and aerodynamic performance
beforehand, thereby reducing the number of prototypes to
be manufactured [20]. From a mathematical perspective, the
physical phenomenon can be modeled as a Fluid-Structure
Interaction (FSI) problem, since the deformation of the
structure is strongly influenced by the force distribution over
the entire wing surface [21].

In the current literature, there exist two categories of
numerical techniques to treat FSI problems: monolithic
approaches and partitioned ones. The monolithic approach
treats the entire problem as one unit and solves the fluid and
the solid equations together. This method offers the advan-
tage of keeping accuracy and stability through strong cou-
pling between the equations [22]. Nevertheless, it requires
the development of specialised software and does not permit
the reuse of existing modules for the fluid and structural
domains. Additionally, it is worth noting that solving a large
system of equations from two distinct physical domains can
present numerical challenges, thereby limiting its practical-
ity in real-world engineering problems [23]. In the latter
approach, the fluid and structural equations are solved sepa-
rately but connected through interface conditions. This can
be achieved using a strong coupling, which involves subi-
terations [24], or weak coupling, which imposes weakly
kinematic and dynamic constraints [25, 26]. This approach
offers the advantage of reusing existing codes for different
components of the problem, making it more flexible and
solving smaller equation systems. However, a disadvantage
of loosely coupled partitioned schemes is that interface con-
ditions are imposed asynchronously, which could potentially
lead to decreased accuracy and numerical instabilities [27].
In this setting, we have chosen to adopt a partitioned scheme
and to apply strong coupling conditions at the interface,
additionally prescribing mesh conformity among the fluid
and solid meshes. Finally, the algorithm’s modularity ena-
bles us to utilise the commercial software Abaqus [28] for
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the solid and coupling subproblems and focus our effort on
developing advanced features for the fluid subproblem.

To simulate MAV aerodynamics in a FSI framework,
several numerical strategies have been employed. In [29],
a comprehensive analysis of wing flexibility has been per-
formed with the finite volume method, emphasising their
mechanical behavior and stability in forward flight. More
recently, the Immersed Boundary Method (IBM) [30] has
been adopted to optimise MAVs design and improve their
reliability under harsh atmospheric conditions [31-33].
Finally, Finite Element Methods (FEM) are adopted dur-
ing the design process, aiming to enhance comprehension
of flapping wing’s aerodynamics and the formulation of
aerodynamic models encompassing aspects such as flight
stability, drag and lift forces, and eddies generation [34, 35].

To guarantee the accuracy of predicting aerodynamic
interaction of the wings of dragonflies during large ampli-
tude flapping, we utilise an Arbitrary-Lagrangian—Eule-
rian (ALE) solver for incompressible Navier—Stokes equa-
tions [36]. However, a limitation of this approach is the
occurrence of mesh distortion, which appears when the fluid
domain is significantly deformed by the solid solution [37].
In this context, numerous remeshing and remapping proce-
dures are employed to ensure that the computational grid
remains accurate and well-suited to represent the evolving
physical phenomena throughout the simulation [38].

Adaptive Mesh Refinement (AMR) is a widely used
technique in computational fluid dynamics that dynami-
cally adjusts mesh resolution based on local flow features
or solution gradients. This approach enables simulations to
focus computational resources where they are most needed,
achieving higher accuracy with fewer computational ele-
ments in regions of low interest. AMR algorithms typically
employ criteria such as solution gradients, error estimators,
or flow features to guide mesh refinement. An example of
AMR implementation is described in [39], where they intro-
duced a hierarchical approach to refine meshes in regions of
interest. On the other hand, coarsening involves reducing
mesh resolution in regions where detailed solutions are not
necessary, thus limiting computational cost without sacrific-
ing accuracy [40]. Techniques, such as grid coarsening or
element collapse, are commonly used in simulations where
overall trends are more critical than local details. Local
Mesh Modification refers to targeted adjustments made
to specific regions of the mesh to accommodate geomet-
ric changes or refine resolution in critical areas [41]. This
approach is particularly useful in simulations involving com-
plex geometries or adaptive boundary conditions.

With reference to the in-house fluid solver in [42], we
introduce a novel global remeshing algorithm for the quad-
ratic velocity solution, based on mesh connectivity manipu-
lation such as element collapse and expansion [43], edge-
swap [44], and vertices re-connection [45] to drastically
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reduce projection error. Moreover, this procedure is enriched
with a local refinement and derefinement option, to avoid
loss of accuracy in the FSI solution [46, 47].

The paper is organised as follows. We introduce the fluid
in-house solver along with the innovative re-connection
algorithm in Sect. 2. Sections 3 and 4 provide detailed
explanations of the solid solver and the adopted coupling
scheme, respectively, with a particular focus on the splitting
surface procedure. Subsequently, in Sect. 5 we conduct three
numerical benchmarks to validate all the newly implemented
features. Finally, we present the dragonfly wings modelisa-
tion and discuss numerical results in Sect. 6.

2 Fluid solver
2.1 Continuum equation

Let us define a final time 7' > 0 and a generic bounded, Lip-
schitz, and time-dependent fluid domain Q; = Qf(t) c R3,
for every t € [0, T]. Throughout the folloWing discussion,
we denote as ag; = 6Qf(t) the fluid domain boundaries,
u = u(x, t) as the fluid velocity field, and p = p(x, ¢) as the
fluid pressure field, where x € jS indicates the position vec-
tor in the current configuration. The boundaries can be
divided into three pairwise disjoint subsets, as follows:

o t t t
an_Ff,duFf’nuF

W 1€ [0,T1], €))

where F}, 4 = I'7.4(®) is Dirichlet boundary, F}.,n =TI, is
Neumann boundary, and F)i.si = I',;(#) indicates fluid-struc-
ture interface. -

In the present work, the fluid domain is modelled as an
incompressible Newtonian medium using an ALE
approach [48]. The continuum equation, for every x € QZ,
t € (0, T]reads:

Jdu 1
E+(u—w)-Vu:p—fV-0'f(p,u)+fe, )
V-u=0, 3)

where o,(p,u) = —pl + u(Vu + VTu) is the Cauchy stress
tensor, I is the identity tensor, V is the spatial gradient opera-
tor with respect to current coordinates, Py is the fluid den-
sity, w = w(X, ) is the domain velocity field, f, = f,(x, 1) is
a generic volume force per unit mass, v, = u/p; is the kin-
ematic viscosity, and y is the dynamic viscosity. Moreover,
the physical properties p, and y are assumed to be uniform
across the domain and independent of time. Equation (2)
enforces momentum conservation, while Eq. (3) imposes
incompressibility constraint.

In addition, these equations are endowed with the follow-
ing mixed boundary conditions, for every ¢t € (0, T]:

u=v, X€ I“_;“., )
u=g, X€ Fj’,’d, )
C)-fQ?’ - n, = h, xe F.;',n’ ©6)

where v = v(X, f) is the solid velocity at the fluid—structure
surface, n, = n.(X, 1) is the outward unit normal vector asso-
ciated to 09}, g = g(x,1) is a prescribed velocity, and
h = h(x, #) is a prescribed stress distribution.

Finally, to ensure the model’s well-posedness, we provide
an initial condition for the velocity field, as follows:

u(x,0) = u,, X € Q?, (7

where Q? is the initial domain configuration and u, = u,(x)
is the initial velocity profile.

2.2 Space discretisation

The fluid domain is discretised, at each time instance
t € [0, T], with a mesh ’Z;I = T,(t) composed of linear tetra-
hedral elements K]’ =K;(1), j=1,...E', where E" = E(t) is
the element number as a function of time and N’ = N(¢) is
the node number as a function of time.

In this context, we choose Ladyzhenskaya-BabuSka-
Brezzi (LBB) stable P2 — P! spaces [49]. These spaces
ensure stability in the numerical representation of the dis-
cretised fluid velocity uy, = u(#) which exhibits piece-
wise quadratic behavior, and the discretised pressure field
py = py(?), which displays piecewise linear behavior on
the mesh. In addition, the mesh velocity field wy = wy(¢)
is defined to be linear across the mesh, thereby imposing a
constraint of straight edges on the tetrahedral elements.

Finally, the formulation is enhanced by incorporating a
Streamline Upwind Petrov-Galerkin (SUPG) stabilisation
to effectively manage high Reynolds numbers [50], where
the optimal stabilisation parameter is defined elementwise
following [51].

2.3 Time discretisation

Let us consider the subsequent subdivision of the time inter-
val [0, T]:

0="<"<.<"<..<M=T, 8)

where "t — " = Ar', n =0, 1,..., M — 1. Therefore, we can
define the fluid velocity field u}, = u,(¢"), the mesh velocity
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field wy, = wy ("), the pressure field p}, = py(¢"), and the
fluid mesh 7}, = 7,(t"), at a fixed time #".

In this work, we rely on a Chorin-Temam incremental
fractional step method [52, 53], wherein we incorporate a
semi-implicit approach to address the advection term. We
introduce an intermediate velocity field U and the pres-
sure variation ép = p*! — Py The fractional step method

H
consists of solving sequentially the following equations:

K (¢n)U = £ (p) + £y, )
K;“&P = @), (10)
MU = MU - AG™ 6P, an
P! = P" 4 6P, (12)

n+1
H

is the advection velocity, U is the intermediate velocity vec-
tor at time !, £ is the velocity right-hand side computed

n+l - : : : no__ ..n
where Ku is the velocity stiffness matrix, qu =uy - W

on 7;’{“, f is the velocity right-hand side computed on 77,,
K;“ is the pressure stiffness matrix, f’3’+1 is the pressure
right-hand side computed on 7', M"*! is the velocity mass
matrix, G"is the gradient matrix, 6P is the pressure varia-
tion vector, U" indicates the velocity vector at time ¢, and P"
is the pressure vector at time #”. In particular, the right-hand
sides have the following expressions [54]:

En+l

re =LA [ vy vaa, (13)

pf/=1 K/{wl

1A
= Mé/p u, - vdQ, (14)
E/H»l

p -
VAL — A/ (V - )sdQ, (15)
- A j=1 K+

where (v, s) are the local test functions for velocity and pres-
sure field, E" = E(") is the total number of elements
K = K;(1"),j=1,...E" at time 7", and A indicates the
assembly operator. The treatment of boundary conditions in
the context of a fractional step scheme is crucial. In this
work, we rely on the classical split boundary condition pre-
sented e.g. in [55].

To handle the non-linearity of the advection term and
to reduce the error generated by fractional scheme, we
enrich the fluid solver by incorporating a subiteration
procedure [56]. This technique involves repeating the
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predictor-corrector scheme several times, where the advec-
tion velocity is updated with the previous fluid velocity
solution, as follows:

nb+l _ .nb _ n+l
H - uH wH ’

b >0, (16)

In particular, the fluid solver iterates until either the number
of iterations reaches a maximum value b,, or until conver-
gence is achieved by checking the subsequent relative cri-
terion, for b > 0:

Db+1 b b

o™ —w g <, 1ol g, a7
b+1 b b

Py =Py e < g1y 12 (18)

where £, and ¢, are user-defined tolerances. Lastly, we apply
a constant time interpolation between two consecutive time
steps, namely:

n+1,0 _ un,B n+1,0

n,B
w0 = B O - s, (19)

where (uZB,pZB), B € {1,...,b,} denotes the converged

solution at the previous time step.
2.4 Domain displacement

To describe the motion of fluids we have chosen an ALE
approach, where the grid follows a motion rule that is neither
fixed nor the fluid one. We define the motion A of the frame
as follows:

Q}? X (0,T] 3 (r,f) > x = A(r,t) € Q., (20)

where r are the coordinates in the reference configuration.
Moreover, we assume that A is invertible V¢ € (0, T'], and we
indicate its inverse as A~ This theoretical framework
allows us to accurately define Q} = AQ% ¢ and
0!2;. = A0QY, 1), for every time ¢t € (0, T).

To govern' grid displacement, the Navier—Stokes equations
have to be complemented by an additional equation for the
mesh velocity w, endowed with the following Dirichlet bound-
ary conditions:

w=v, x el (1)
w=0, X € 69} \T%.. (22)

In this work, we propose a method consisting of solving,
for every time step ", a linear elliptic problem with the ani-
sotropic behavior of the discretised mesh velocity field w/,.
Anisotropy is prescribed as a function of the domain tessel-
lation and introduced at the element’s level using fictitious
springs connecting nodes and faces [57]. More precisely, for
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every node x; of the mesh, two sets of equations are imposed.
The first one states that elastic forces generated by the adja-
cent edges and with a magnitude proportional to the inverse
of their lengths must balance, namely:

G;
Zfij =0, f;=kse; Vi=1, ... N", (23)
J=1

where G; is the number of neighborhood of node i,
N™ = N(") is the number of node in the mesh at time ", f;
is the force that node i exerts on the node j, k; = 1/e;|is the
anisotropic elastic coefficient, and €; =X; — X is the vector
connecting the two nodes.

Regarding the second set of equations, for every node the

following relation is imposed:

F,
D, =0, t,=ke,

i
p=1

Vi=1,..,N", (24)

where t,, is the force that node x; exerts on the virtual node
x,, that is the projection of x; on the opposite face of the tet-
rahedron, F; denotes the number of faces in the range of the
polyhedral ball that encloses the i-th node, and B, is the set
of faces that encircle x; and are one edge away from it. The
resultant is a linear system, for every time ", of the form:

K:l}+1&xn+] — f:/+1’ (25)

where Kfv“ is the stiffness matrix obtained from (23), (24),
6X™*! is the vector of mesh displacement, and f'fv“ is the
right and side that takes into account the boundary condi-
tions in Eq. (21), (22). Once the mesh displacement 5x"*!
is known, the nodes’ positions and mesh velocity w”H‘L1 are
updated in an explicit fashion, as follows:
n+1

Xt=x! 4 oxtt, wit = 52—;, (26)
for every nodes X;, j=1,..,N"

It is worth to notice that the proposed technique effec-
tively disentangles the mesh displacement from the fluid
velocity [58], thus allowing us to modify the mesh without
directly impacting the fluid solution.

2.5 Re-connection algorithm

During FEM simulation, it could happen that the mesh 7},
is not suitable to describe Q} because of flipped elements
that make the linear system ill-posed or bad-shaped elements
that reduce the accuracy of the numerical solution. To
address these issues, a new mesh 7y, , is generated through
a re-connection procedure.

To properly investigate any mesh manipulation, a quality
mesh indicator to estimate quantitative both global and local

mesh distortion has been defined in Sect. 2.5.1. Moreover,
the employed mesh generator is introduced in Sect. 2.5.2,
while a suitable remapping scheme for the physical vari-
able has been described in Sect. 2.5.3. Finally, an alternative
approach involving refinement and derefinement is presented
in Sect. 2.5.4, with the purpose of improving the mesh qual-
ity just after the connectivity change.

2.5.1 Quality mesh indicator

To identify the quality of tetrahedra, several mesh indica-
tors have been proposed, such as eccentricity, aspect ratio,
outer radius, and in-radius [59, 60]. In this work, we choose
as local quality mesh indicator the function Q, defined as:

VK™
(21'6=1 |ai|2)3/2 5

where a;, i =1, .., 6 are the tetrahedron edges, V is the tet-

VK" e T

QK" =¢ T Q7

rahedron volume, and & = 72\/5 has been chosen in such a
way that Q(K") € [0, 1]. The maximum value Q(K") = 1 is
achieved only if K" is a regular tetrahedron, meaning that
its edges have the same length [61]. This measure demon-
strates a high sensitivity in determining whether an element
can be deemed well-shaped and, furthermore, is directly
proportional to the elemental jacobian, thus facilitating the
identification of inverted elements, characterised by a non-
admissible negative Q value. Accordingly, we can define a
global mesh indicator as follows:

Oun(T}) = min Q(K™). (28)

In this setting, we can state the following global re-con-
nection criterion: if QMIN(TZ“) < Q7, then re-connection is
performed, namely:

Ty = Tyyys 29

where O* € [0, 1] is a user-defined threshold. As a conse-
quence, H € N serves as a counter of the total number of
re-connections that have taken place.

2.5.2 Mesh generation

Let H}i be the set of nodes located at the tetrahedron’s verti-
ces, IT, the set of edge nodes, and IT;; = IT}, U IT, the entire
nodes associated to T;l, with H fixed. The new mesh is gen-
erated through a Constrained Delaunay Tetrahedrisation [62]
(CDT), namely:

(I, Cf) = Mgy, s Ty, (30)

where C"H is the mesh associated with fluid boundaries OQ}’
at a fixed time 7. The result is a new linear tessellation in
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which H}Hl CII, and C},, |
generated as middle points of the new mesh’s edges.

It is worth noticing that the insertion of new vertices is
strictly forbidden, but the deletion of existing ones is allowed
whenever is required by the mesh generator, thus reducing the

operations in the remapping phase.

_ n 2
= CH. Furthermore, 1'[H+1 is

2.5.3 Remapping phase

Once a change of mesh is performed, the previous solution
has to be properly mapped on the new tetrahedralisation.
More precisely, given pressure field pf, and velocity field uj,
on 7y, we need to compute Py, anduy,  on T, 1 Such that
linear momentum and mass are conserved. In this context,
several non-conservative choices have been proposed [63,
64], as well as a repair algorithm [65]. Considering that the
Delaunay tesselation used to generate the new mesh keeps
the linear nodes in the same positions (H}L1+1 C H}q), the

pressure field does not need a remapping, namely:
an+1 (Xk) = an(Xk)’ ka € H[1.1+1 . (31)

The same consideration can be repeated for the nodal fluid
velocity values at the vertexes of the tetrahedra. The remap-
ping of nodal velocities is only required in H?{ 4 (nodes in
the middle of each edge). We decide to apply a remapping
method based on Lagrangian interpolation, namely, for

every X, € Hi1+1:

() = Ul (%), (32)

ifx, € l'[il, otherwise, there exists a unique element K € T;l
to which x, belongs. In this second case, the quadratic fluid
velocity function @ is obtained by interpolating on K, for
i=1,..,3

d
B =) N0, xeK, (33)
j=1

where d = 10, Nij is the matrix of the local shape functions,
and f];. are the old values of the velocity vector restricted on

the element K, at time #". The interpolated new value is com-
puted straightforward as:

Wy, () = U(Xe). (34)

The approach described above has the drawback of being
non-conservative and very diffusive. In order to overcome
this problem, we perform a Pressure-Implicit with Splitting
of Operators (PISO) subiteration [66], employing an itera-
tive predictor-corrector scheme with Eqs. (10), (11). The
convergence is reached according to:

JS+1 S
WP =P Nl <er OLf<f (35)
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where € is a user-defined absolute tolerance, f,, is the user-
defined maximum number of PISO subiterations, and pgil is
obtained using Eq. (31). In this way, we respect the numeri-
cal incompressibility constraint and the linear momentum
conservation is partially reconstructed.

2.5.4 Refinement option

One of the possible outcomes of the re-connection algo-
rithm is that 7}, = 7}, .- meaning that mesh distortion is not
solved. This could happen, for instance, when a large defor-
mation or large translation occurs.

In this scenario, an alternative approach is proposed,
based on a local refinement and derefinement, which modify

the generator set IT!, namely:
I, = 1, Ul \ I, (36)

where I1, is the set of new generator nodes, and I, contains
generators to remove from the original set.

Let us define /; the length of the j-th edge in the mesh,
parameterised as a convex combination of its endpoints

X; , X;, as follows:

ksz +- k)le, ke [0,1]. (37)
Moreover, we introduce two user-defined parameters
a, <1, a, > —1 and we denote the maximum element
diameter as L. In this framework, I1, is filled employing the
subsequent criterion:

%(le +x)=x;, €I, (38)
if the length of the j-th edge exceeds a fixed threshold
!/, = (1 + a,)L and one and only one endpoint belongs to
C"H, otherwise the entire edge lies on the fluid boundary,
hence requiring a modification of the constrained surface,
which is not allowed by the solver. Additionally, this set is
further filtered in such a way that the distance between every
element of I1,, is not below a minimum length /, = (1 — a;)L,
as illustrated in Algorithm 1.

It is important to recall that every newly added node is in
the middle of an edge and belongs to I12,, consequently, fluid
velocity at the previous time step is known and a mapping
procedure is not necessary.

Regarding IT,, the procedure is similar. For every edge
which length is lower than /,, three mutually disjoint sce-
narios could happen: if none of the two endpoints belongs
to C’;,, we can freely choose which one to remove, if one
endpoint belongs to C7,, we can remove the other, while, if
both endpoints belong to C7,, the considered edge lies on the
fluid boundary and no refinement procedure is applied. This
algorithm allows us to maintain good global mesh regularity
without making the mapping phase more computationally
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demanding, as the solution of pressure and velocity is known
at the middle point of every edge. The entire algorithm is
summarised in Algorithm 2.

Algorithm 1 Filtering procedure

Require: II,, 5
1: for x € II, do
2: for y € II,\{x} do
3 if |x —y| < Iz then
4: Remove y from II,
5 end if
6 end for
7. end for

Algorithm 2 Re-connection algorithm

Require: Q* € [0,1], refine € {0,1}, M, n =1
1: Impose initial conditions
2. while n < M do
3: Solve FSI problem at time ¢™
4 Mesh displacement 77} — 7, ;}“
5: Compute QJWIN
6: if Quin < Q" then
7
8

Tyt — T

: if refine then
o T — Ty (2.5.4)
10 else
11 T — Tip (2.5.2)
12: end if
13: Remapping phase (2.5.3)
14: end if
15: T — Tfr{bill
16: t=1t+ At"
17: n=n+1

18: end while

3 Solid solver

As previously mentioned, the solid subdomain will be inves-
tigated using the commercial software Abaqus/Standard. The
notable advantages lie in its highly efficient and comprehen-
sive library of structural elements, including shells, mem-
branes, and beams, as well as its extensive collection of pre-
built constitutive laws [28]. As a consequence, we will solely
present the general formulation of the initial boundary value
problem for dynamic structural analysis, in order to introduce
the variables involved in the FSI problem. We will henceforth
denote the solid velocity, solid displacement, and solid accel-
erationasd = d(x, 7), v = v(X, 1), and a = a(Xx, 1), respectively,
and the solid domain as Q’v =Q. (1) C R3, for everyt € [0,T].

3.1 Three dimensional solid domain

The strong formulation of the equilibrium conditions for the
structural domain leads to momentum conservation, for every
X e Qz te0,T]

Dv

psﬁ =V o, + psb’ (39)

where p, is the solid density, o, = o,(X, ) is the Cauchy
stress tensor, and b = b(x, ¢) is a generic force for unit vol-
ume. Equation (39) is complemented with proper boundary
conditions and initial conditions, namely:

d=j xel,.1e@.T], (40)
o-s . ns = q’ X e l—‘;’n,t S (0’ T]5 (41)
o,-n,=fy, x€Il},1€(0T], (42)
vV =V, XEQS,I=O, (43)
d=d,, XEQE,)J:O, (44)

where j = j(x, 1) is a prescribed displacement, n, = ny(X, )
is the solid outer normal vector, q = q(X, ?) is a prescribed
force, v, is a given initial velocity field, d, is a given initial
displacement field, and I, | =T ,(1), I'{ | =T, ,(r) represent
the Dirichlet and Neumann boundaries, respectively.

Following a standard procedure, Eq. (39) is formulated
in a weak form and both space and time discretisations are
performed. Regarding time integration, for addressing tran-
sient dynamics the second order a-Hilbert-Huges-Taylor
method [67] is employed, namely:

a™! =M '[e@", d"") + ], (45)
A" = d" + APV + (A% (@, 2", (46)
Vit = v 4 A5, (a", 2", 47)

where we define:

c(d", d"") = aKd" - (1 + a)Kd"*!, (48)
n n 1 n n

s@.a) = (3 - p)a’ + pat, (49)

Sz(an, arl+l) — (1 _ y)an + J/an+1’ (50)
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with d" = d("), v* = v("), a" = a("), K stiffness matrix,
M mass matrix, F external forces vector, f = (1 — a)? /4,
y=1/2—a,anda € [-1/3,0].

3.2 Structural elements

In some specific situations, the solid domain can be con-
veniently modeled by two-dimensional structural elements
like shells or membranes, or mono-dimensional structural
elements such as beams.

In particular, the shell elements are based on a 2D par-
ametrisation space P, that represents the middle surfaces
of the solid, namely P, C R?. Depending on the specific
assumptions made about the structure’s dimensions, dif-
ferent shell theories can be formulated. In this work, thin
structures, in which one dimension, the thickness 4, is sig-
nificantly smaller than the others, are considered. These
elements can be adequately described by classical (Kirch-
hoff) shell theory [68]. In particular, 3-node triangular ele-
ments with piecewise linear displacement are adopted (S3
in Abaqus notation). They provide accurate results in most
loading situations. However, because of their constant bend-
ing and membrane strain approximations, high mesh refine-
ment may be required to capture pure bending deformations
or solutions to problems involving high strain gradients.

In addition to the translation degrees of freedom (DOFs),
the shell element also includes three additional rotational
DOFs for each node, resulting in a total of six DOFs per
node. The translation problem has already been addressed
in Sect. 3.1.

In this formulation, when we overlook the bending stiff-
ness and shear stiffness related to the shell formulation, we
obtain a membrane element. As a consequence, membrane
elements do not have rotational DOFs. In this work, 3-node
membrane elements (M3D3) are adopted for discretising
dragonfly wings.

Finally, the beam element derive from a 1D parametrisa-
tion space P, that represents the axis of the solid, namely
P, C R. In this context, the classical Timoshenko assump-
tion is the simplest approach to beam theory [69]. The
model takes into account shear deformation and rotational
bending effects, which makes it suitable for describing
the behaviour of thick beams. Here, linear beam elements
(B31) are selected to discretise the venation pattern, that
creates joints between distinct membranes, as it will be pre-
sented in Sect. 6. Moreover, we assume that the transverse
shear behavior of Timoshenko beams is linear elastic with
a fixed modulus and, thus, independent of the response of
the beam section to axial stretch and bending. Furthermore,
Timoshenko beams can be subjected to large axial strains,
while strains are assumed to be small due to torsion [28].
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4 Coupling scheme

In the fluid-structure interaction setting, for the well-pos-
edness of the multiphysic problem, two interface condi-
tions have to be satisfied. The kinematic condition states
that the velocity on the fluid—structure interface matches
the fluid and the solid solution, namely:

u=v, xely 1€[0,T], D
while the dynamic condition establishes the stress continuity

across the fluid—structure region, as follows:

(6,—0p) n=0, xely, r€][0,T], (52)
wheren = n, = —n,.

Within this work, we employ a partitioned approach and
strongly impose Eqgs. (51)-(52). Moreover, we generate a
conforming mesh between solid and fluid subdomains, and
the coupling condition is numerically imposed at every
timestep A", which is shared between both subproblems.

To manage the coupling conditions, we rely on the SIM-
ULIA Co-Simulation Services (CSS), a software component
for run-time coupling of simulation tools, including Das-
sault Systemes simulation solver and third-party simulation
software for multiphysic and multi-scale simulations [28].

4.1 Immersed surface

In this subsection, we deal with the particular case where
F}’,‘S . = §'is a two-dimensional surface immersed in the fluid
domain. This circumstance could arise when we examine a
thin structure that can be represented using shell elements.

Let us denote with 0S” the one-dimensional surface’s
boundaries associated with S". Moving forward, we will
distinguish between two instances: if 058" C Q/ff, then the
surface is fully immersed within the fluid domain, while, if
08" C (Klj’}, then the surface does not have free edges, but
they belong to the fluid Dirichlet boundary. The mixed sce-
nario, i.e. when 98" =98] U0dS;, with S} C Q; and
SZ C 09;’., follows as combination of the above mentioned
ones. Mbreover, we limit our investigation to the situation
where OSZ, B = 1,2, does not change over time, namely nei-
ther free edges can be generated nor eliminated.

In the present approach, the immersed face is split into
two identical copies [70], for instance, S’jr and §”, ensuring
they possess opposing orientations, specifically nf+ =-n;,
for every point x € §", as depicted in Fig. 1.

In this setting, it is possible to duplicate the DOFs on
the surface and compute two fluid velocities, mesh velocity
and pressure values for each physical node. Since on the
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Fig.1 2D example of split fluid—structure boundary S" (black line)
immersed in the fluid domain QZ, at fixed time #*. The upper bound-
ary is indicated with S} (purple dashed line) and associated with nor-
mal unit vector n*, while the lower boundary is named S" (orange
dashed line) and it has unit normal vector n~

fluid—structure boundary no-slip conditions are prescribed,
velocity and mesh velocity are kept piecewise continuous:

n,+

n,+ i n— __ n
Wy =Wy =Wg (53)

—_— n5_
H =u

— n
u = Uy

while the pressure field is allowed to experience a jump dis-
continuity across the immersed surface, namely:

Py =y #0, (54

for every x € S,

Taking into account the discrete level, the splitting pro-
cess necessitates the modification of the mesh connectivity
by incorporating newly divided nodes. Additionally, for each
K" € Ty, such that K" N S}, # @, the appropriate DOF has to
be assigned. This connectivity correction can be achieved by
relying on geometric properties.

Let us firstly consider the case dS" C Q;Z and define the
subset of tetrahedra W, C 7Ty A

Wy, i={K"eT, : K"nS,, #0}. (55)

As a consequence, VV'I'{ contains all the elements that share
a geometrical entity K" N Sy, = M" with the split surface,
either it is a point, an edge or an entire triangle. In conclu-
sion, the connectivity of K" € W, is modified to represent
py if the following orientation condition holds:

(X —X;) - nf >0, (56)

where x; represents the centroid of the tetrahedron, x, € M",
and n is the normal vector associated to one of the linear
triangle, e.g. E, in the fluid—structure interface mesh &y, in
which M" lies.

The second case where 0S" C asz; is treated equivalently,
but for the surface’s boundary. The subset B}, C C;)\S}, of
the triangular elements that share a geometrical variety with
0S},, identified similar to Eq. (55) as:

By, :={T"e€C,\S,, : T"nJS;, # 0} (57)

Fig.2 2D example of fluid—structure boundary S” split into S} and S”
(see Fig. 1), with focus on the treatment of fluid elements that have
geometric entities in common with dS". The depicted fluid elements
Kj,j =1,...,4, share a vertex p = M" with the boundary element E

(dash-dot line), whose positive unit normal is n; Since ¢, - n; >0,

we assign to the element the degree of freedom of S’ (light blue).
Reversely, ¢; - nf. < 0, meaning that we assign the degree of freedom
of §” (orange yellow)

If a tetrahedron belonging to WV, has also a not empty inter-
section with triangles in 537,, we need to properly modify the
connectivity of the boundary mesh.

It is worth noticing that the procedure described in this
subsection, illustrated with a 2D example in Fig. 2 can be
performed once with the initial mesh unless a remeshing
occurs.

4.2 Gauss-Seidel scheme

The fluid and solid subproblems are coupled exploiting the
Gauss-Seidel numerical scheme.

Gauss-Seidel method consists of a staggered and sequen-
tial scheme, where fluid and solid are solved iteratively until
convergence on the interface region is achieved. More pre-
cisely, fixing a time step ", we first solve the leading sub-
problem (the solid one in our case) and then transfer the
physical quantity to the slave subproblem (in our scenario,
the fluid solver).

From the solid to the fluid solver, we pass the Dirichlet
boundary condition on I'} ,, namely:

u;, =V,

h VX € Sy, (58)

while from the fluid to the solid we impose a force distribu-
tion, computing the following integrated quantity:

i = /3 o (Pl wy) - mdl’ (59)

H

The convergence criteria could be imposed either in the
fluid—structure velocity or on the fluid—structure stresses or
on both simultaneously, given a predefined relative tolerance
for all the quantities to check. In particular, we define the
velocity tolerance as €,, the stress tolerance as £ and the
maximum number of FSI iterations as g,,. We employed a
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L? norm and the normalisation is performed with respect to
the norm of the first subiteration.

Finally, in the case in which shell elements are involved in
the solid simulation, from solid to fluid we transfer not only
integrated nodal forces %, but also concentrated momentum

ijgi, namely:
_ Lt n,—
B = + 6 (60)
n __ n,+ n,—
Cfxi - Cfsi + Cfxi ’ (61)

where we define:

fir = [ o wy) ntdr, (62)
Sh

B = /Sn o7 Py uy) - dl (63)
H

crt = Bt xo(prt,u)-ntdl

mi T fo 2 Py Uy ’ (64)

Cri = o 2" X oy(py ,up) -m-dr. (65)

4.3 Acceleration algorithm

Among the issues of the standard Gauss-Seidel scheme [24]
we recall that convergence is not guaranteed and depends
on the chosen time step [71]. A possibility of improving
the performance of the Gauss—Seidel algorithm is the use
of acceleration techniques, e.g. quasi-Newtonian methods
[72, 73].

Given the fluid velocity ug_l and the solid velocity u; on
the fluid—structure surface at fixed subiteration g, the relaxed
Gauss-Seidel reads:

n _ n n
uy —a)vq+(1 —a))uq_l, 1<qg<q,, (66)
where w is the constant relaxation parameter and ug is inter-
polated from the previous time. This method guarantees the
convergence Vo € (0, w,, ], ®,,, < 1[74], but the number
of subiterations depends on the choice of @, where ® = @,
achieves the minimum [75]. Similarly, with the Aitken
acceleration [27], we can speed up convergence by defining
w = w, for every g:
)@ —ri7h

@y =~ T ) (67)
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where r? = ug - ug_l is the residual at iteration g and @, is
user-defined.

5 Validation

The proposed approach is validated with three numerical
benchmarks. Firstly, in Sect. 5.1 we propose a problem in
which the structural shell coincides with a fluid boundary
face. Then, in Sect. 5.2 we consider an immersed shell and
validate the splitting surface algorithm. Finally, we exten-
sively discuss the re-connection algorithm in Sect. 5.3.

5.1 Cavity flow with flexible bottom

To test the effectiveness of the proposed FSI framework
in the presence of thin shells, the first benchmark is a 3D
extension of the well-known driven cavity flow problem [76]
including a flexible bottom. Given that the thin structure is
situated on the fluid boundary, only the upper surface of
the shell comes into contact with the fluid and serves as the
designated reference surface.

The initial configuration of the fluid domain is shown in
Fig. 3 and consists of a unit cube Q}) =[0,1]*, with
/' =1.00 m and a movable upper wall I', . In this variant of
the cavity flow problem, which has been explored in various
contributions [77-79], the hard bottom of the cavity is
replaced by a flexible thin shell I'y;. Additionally, the origi-
nally constant top velocity is replaced by an oscillatory
velocity, including the corner edges to avoid singularities.
Moreover, inflow and outflow are permitted near the top face
allowing the volume to change over time, while the initial
configuration of the fluid is at rest. Boundary conditions are
summarised as follows, for every ¢t € (0, T]:

u=[f,(n,0,0, xeTl,, (68)
u=[f(42),0,0], xe€T,, (69)
p=0, xe€Tl,,, (70)
u-n =0, xely,, 71

where f1(t) = 1 — cos(2xt/5), f,(t,2) = (z — 29) /(L = 2p)f1 (D),
Zo = 0.875 m, and T = 50.0 s. Finally, fluid density and
kinematic viscosity are chosen as p, = 1.0 kg/m?3 and
v; = 0.01 ms, respectively.

The solid domain is defined as a square plate
QY = [0, 1]* X [0, —h] with a constant thickness & = 0.2 mm
and with homogeneous Dirichlet boundary condition on all
four edges. Furthermore, the solid material is selected as
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Fig.3 Cavity with flexible bottom: three-dimensional representation
of fluid domain Qf (a), and cartesian views of (b). " sup is the upper
face (red), I';, is the linear inlet portion (purple), I, is the out-

linear elastic, with density pg = 500.0 kg/m3, Poisson’s ratio
v = 0.0, and Young modulus £ = 250.0 Pa.

To conduct numerical simulation, a constant timestep
Ar = 0.1 s is chosen for both subproblems. The Aitken
accelerated Gauss-Seidel coupling scheme is employed, with
4,, = 50, and &, = 107*. In addition, we apply fluid subit-
eration, with b,, = 4, £, = 107, and ¢, = 107. The fluid
mesh consists of 102,238 tetrahedral elements and 710,123
degrees of freedom, while the solid mesh is composed of
676 thin triangular shell elements, resulting in a total of
1,718 degrees of freedom. Across all the time frames, the
average number of coupling iterations is g = 11, with a max-
imum of g,,,,, = 17 and minimum of g;, = 7.

Figure 4 displays the vertical displacement of the mid-
dle point of the bottom flexible surface, situated at coordi-
nates A = (0.5, 0.5, 0.0) m in the initial configuration, while
Table 1 provides a summary of the key features for compari-
son with existing literature results. Notably, all three solu-
tions indicate an identical oscillatory period of T = 5.12 s.
However, our solution exhibits amplitude and mean verti-
cal displacement that closely aligns with the original refer-
ence, with an error of 0.7% and 2.3%, respectively. Lastly,
the maximum vertical displacement of d, ,,,, = 26.90 cm
occurs periodically att = 24.4 s + kT, k > 0, at coordinates
(x,y) = (41.55, 52.35) cm, as highlighted in Fig. 5.

5.2 L-shaped obstacle

To validate the effectiveness of the split surface algorithm, a

shell immersed in a fluid is here considered [80, 81].
Figure 6 depicts both fluid and solid geometries. It consists

of a channel with a square section Q} =Q,=[0,5L]

x[0,5 L] x [0,33 L], fixed in time. A thin L-shaped structure

flow boundary (light blue), and I, is the boundary portion where
zero normal velocity is imposed, as listed in Eq. (68). Moreover,
[ =1.00 m is the length of the cube edge and z, = 0.875m

0.30

=

o

S
T

o

—

ot
T

1=

—_

f=}
T

z—displacement [m]
°
S

00~/ R V. Vézquez [77]

Present work

-0.05 I Ly I I
0.0 10.0 20.0 30.0 40.0 50.0

Time [s]

Fig.4 Cavity with flexible bottom: vertical displacement of the
middle point (A) of the flexible surfaces over time. The dark dash-
dot line represents the reference solution in [77], and the pink line is
the solution obtained with the proposed solver, where re-connection
is not triggered. After a transitory time span of #; = 19.2 s, the trend
matches the sinusoidal regime of the reference solution, with the
same period 7 = 5.12 s

with a uniform thickness 2 = 0.01L is immersed in the chan-
nel. For simplicity, we set L = 1.00 m. The simulation is
divided into two distinct steps. Initially, the structure is
assumed to be rigid and fixed until the time 7, = 20.0 s when
the inflow is fully developed into the channel. At this point, the
structure is allowed to move and deform until the final time
T = 40.0 s. During all the analysis the structure is clamped at
its base. Boundary conditions are summarised as follows, for
everyt € [0, T]:
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Table 1 Cavity with flexible bottom: quantitative comparisons
between the proposed solution and literature. We can show that all
simulations achieve the same oscillatory period 7. Regarding the
mean and amplitude values, the present work is in agreement with the
literature results, with 0.7% and 2.3% percentage errors with respect
to the original reference [79], and 3.7% and 11.7% percentage errors
with respect to Fig. 4

Solution Mean [cm] Amplitude [cm] T [s]
Present work 20.85 5.86 5.12
Valdez [77] 20.10 6.8 5.12
Mok [79] 21.0 6.0 5.12

7 [cm)]
26.90+
d, [cm]
26.90
y [cm]
‘? 13.45
52.35-
0.00
4155 X [em]

Fig.5 Cavity with flexible bottom: solid z—displacement at time
t =244 s. It shows that the maximum value is not achieved in
the middle, but slightly shifted towards the inflow boundary at
(x,y,z) = (41.55, 53.35, 26.90) cm

u=u,, xeI,, (72)
p=0, xel,,, (73)
u-n =0, xely,, (74)
u=0, xel, (75)

where u_ is a constant inlet velocity. Furthermore, we
employ a linear elastic constitutive law for the solid, with
ps = 1200.0 kg/m3, v = 0.32, and E = 3.5 GPa. For the fluid,
we adopt a constant Reynolds number Re = 200 and a den-
sity of p, = 1.0 kg/m?. Three distinct analyses have been
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Fig.6 L-shaped obstacle: three-dimensional representation of fluid
geometry € (a), and solid geometry Q, (b). I';, is the inflow bound-
ary (pink), I'; is the free slip boundary (brown), and I',,, is the out-
flow boundary (yellow). The obstacle is a thin L-shaped structure
with thickness 4 = 0.01L fixed on the bottom of the channel

conducted, encompassing variations in inlet velocity and the
corresponding fluid viscosity, as outlined in Table 2.

The numerical simulations are performed with a con-
stant timestep of Ar = 0.01 s in Case 1 and Case 2, while
At = 0.0025 s in Case 3. For the problem at hand, we apply
the Aitken acceleration scheme with parameter ¢,, = 10
and tolerances £, = 10~* and £, = 10~>. Additionally, fluid
subiterations are activated, with a limit of b,, = 3 and toler-
ances of £, = 10~ and £, = 107>, The fluid mesh consists of
95,000 tetrahedral elements, resulting in a total of 600,123
degrees of freedom, while the solid mesh is composed of
560 thin triangular shell elements, which yields a total of
952 degrees of freedom.

Figure 7 displays the pressure and velocity fields at the
final time, emphasising the presence of a split surface that
creates a pressure discontinuity across the obstacle, while
Fig. 8 shows the streamlines and the vortex around the
deformable structure. The displacement history of point P,

Table 2 L-shaped obstacle:

Case u 2
kinematic viscosity v; and wlm/sl v [m*/s]
inlet velocity u, for the three 1 5.48 0.0247
;iiifferent cases, with Re = 200 10.00 0.05
xed
3 14.07 0.07035
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()

(b)

Fig.7 L-shaped obstacle: fluid velocity magnitude (a) and normalised pressure (b) at time 7 = T on two perpendicular planes @ : x = 0 m, and
y : z= 0.6 m for Case 2. It is worth to point out that a pressure discontinuity is achieved across the bi-dimensional obstacle

(b)

0.00 12.23

Fig.8 L-shaped obstacle: streamlines representation at the final time t =7 =40.00 s on two perpendicular planes a : x =0 m (a), and
y : z= 0.6 m (b) for Case 2. The colour bar represents the fluid velocity magnitude over the streamlines
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Fig.9 L-shaped obstacle: displacement of point P in Case 1 (pink
line), Case 2 (blue line), and Case 3 (green line) compared to the ref-
erence solutions [80]

defined in Fig. 6, is illustrated in Fig. 9. The level of agree-
ment with the findings in [80] can be considered satisfac-
tory. It is worth stressing that these particular cases deal
with small amplitude oscillations in the steady state regime,
and the information transfer operator proves to be sensitive
enough to capture these self-excited oscillations.

5.3 Sphere falling in a channel

To show the effectiveness of the re-connection algorithm, an
ad-hoc benchmark has been developed. In this specific prob-
lem, the solid is considered rigid with a prescribed velocity
and an one-way coupling is exploited.

Let us consider a cylindrical channel of radius
D, = 40.00 m and height L = 60.00 m and a spherical obsta-
cle of radius D; = 8.00 m and centred on the channel axis,
Zp = 50.00 m from the upper face (see Fig. 10). Moreover,
the following boundary conditions are imposed, fort € [0, T':

u=-ve, xel,, (76)

p=0, x€T, (77)

where I'; is the sphere surface, I'; is the bottom base of the
cylinder, v, = 5.0 m/s, and T = 8.0 s. Homogeneous Dir-
ichlet boundary conditions are imposed on the remaining
surfaces. In addition, we choose fluid density p, = 1.0 kg/
m?, dynamic viscosity u = 1.0 m/s?, b,, = 10, &, = 1074,
€, = 1073, and £,, = 50.
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Fig. 10 Sphere falling in a channel: geometry of fluid domain €,. It
consists of a cylindrical channel of length L = 60.00 m and diameter
D, =20.00 m with a spherical obstacle fully immersed. The sphere
diameter is D; = 8.00 m and its centre is located at z, = 50.00 m
from the upper base

u, [m/s]
5.00
|2 00
Fig. 11 Sphere falling in a channel: z-component of fluid velocity.
The leftmost figure represents the fluid solution without performing
re-connection (a), the middle figure shows the fluid solution when the
re-connection is activated (b), while in the last figure re-connection

plus refinement is toggled (c). The final time is selected for every
case:t; =2.0s,t, =6.6s,and 3 =T = 8.0 s, respectively

In Figs. 11 and 12, the results of three distinct simula-
tions are presented. In the first simulation on the left, the
re-connection algorithm is not used; the analysis terminates
at time #; = 2.0 s due to the detection of a flipped tetrahe-
dron. In the middle simulation, standard re-connection is
used, with a re-connection parameter of Q* = 0.05. How-
ever, at time #, = 6.6 s, the algorithm is not able to generate
a good quality mesh and the procedure stops. This issue can
only be resolved by manually modifying the generator node
or reducing the time step, as the distorted element count
surpasses the predefined threshold. Lastly, in the rightmost
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Q[
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Fig. 12 Sphere falling in a channel: quality mesh Q on a xz-plane for
the centre of the sphere. The leftmost figure represents the fluid solu-
tion without performing re-connection (a), the middle figure shows
the fluid solution when the re-connection is activated (b), while in the
last figure re-connection plus refinement is toggled (c). The final time
is selected for every cases: t;, =2.0s,1, =6.6s,and t; =T =8.0s,
respectively
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Fig. 13 Global quality mesh Q,;y over time for no re-connection case
(dashed black), re-connection case (dashed dot red), and refinement
case (continuum pink). The horizontal line O* = 0.05 (dot purple)
represents the threshold for re-connection. While the no re-connec-
tion case fails after £, = 2.0 s due to the flipped element, the re-con-
nection case keeps the simulation running and after every re-connec-
tion instance the global indicator is above the threshold. However,
because of the fact that the sphere undergoes large translation, a fre-
quent change of mesh is required. Finally, the refined case prescribes
a more accurate solution and a smaller number of re-connections that
better regularise the mesh

simulation, we activate the refinement process with an
assigned value of a =[0.5, 1.0]. Remarkably, no compli-
cations arise during this simulation. Additionally, upon

observing the distribution of elements, it becomes evident
that the refinement procedure leads to a more uniform mesh.

In Fig. 13, the global quality mesh indicator is depicted
over time for each case. It is noteworthy to mention several
observations. Firstly, the implementation of the refinement
option consistently ensures a superior mesh quality with
each re-connection. Secondly, it significantly reduces the
frequency of re-connections required throughout the simu-
lation duration. Lastly, we closely monitored the number of
elements and nodes, ultimately deducing that the re-connec-
tion algorithm augmented the number of nodes and elements
by approximately 10%.

6 Application to the flight of dragonflies

Dragonflies possess two pairs of wings, with the foremost
pair referred to as the forewings and the rear pair known as
the hindwings. These wings operate together to generate lift
and smoothly manage the dragonfly’s flight, greatly enhanc-
ing its remarkable manoeuvrability. The wings are connected
to the thorax by a hinge joint, which grants them a signifi-
cant level of mobility. This hinge joint allows the wings to
move upwards and downwards, as well as to rotate, enabling
precise control in flight [82]. Moreover, dragonfly wings
frequently possess nano-structures that render them hydro-
phobic, thereby preventing waterlogging and enabling the
dragonfly to sustain its agility even in harsh conditions [83].
In this investigation, in Sect. 6.2 we first focus on a sin-
gle wing and conduct preliminary simulations to gauge the
magnitude of the aerodynamic forces acting upon the wing
structure. Next, in Sect. 6.3, we introduce the full model,
dealing with both wings and their mutual interactions.

6.1 Wings model: structure and material

The complex and elaborate design of the hindwing is
inspired by various sources in the literature [14, 84] and
is depicted in Fig. 14a, where also the overall dimensions
L,y =342 mm and /,; = 11.7 mm are reported. The wing
has a constant thickness of #; = 3.6 ym and it is modeled
as a flexible membrane made of linear elastic material. The
material properties are: density p, = 1200 kg/m>, Young
modulus E; = 3.75 GPa, and Poisson’s ratio v; = 0.49.
Furthermore, Fig. 14b emphasizes the prominent veins
that contribute to the structural integrity of the wing.
These veins are represented as cylindrical hollow beams
in the model, also made of a linear elastic material with
the same density as the wing membrane, Young modulus
E, = 6.00 GPa, and Poisson’s ratio v, = 0.49. In addition,
a subdivision is introduced between primary and second-
ary veins having different outer radius and wall thickness,
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Fig. 14 Hindwing geometry: the initial configuration (a) has a char-
acteristic lengths of [ ; = 34.2 mm, ly,] = 11.7 mm. Moreover, two
levels of vein are defined in the model (b) based on their thicknesses.
Finally, to allow relative movement between membranes, hinge con-
straints are imposed at the main intersection of veins (c)

(a)

Primary
Secondary

(c)

o Hinge

Fig. 15 Forewing geometry: the initial configuration (a) has a charac-
teristic lengths of [, , = 27.1 mm, /,, = 6.4 mm. Moreover, two lev-
els of vein are defined in the model (b) based on their thicknesses.
Finally, to allow relative movement between membranes, hinge con-
straints are imposed at the main intersection of veins (c)

@ Springer

specifically (r;, w;) = (0.1,0.075) mm for the primary veins
and (r,, w,) = (0.045,0.033) mm for the secondary ones.
Finally, to allow relative movements between membranes,
joints are inserted at the intersection between two vein
branches, as shown in Fig. 14c. Moreover, to handle large
deformation, geometric non linearity is enabled.

Next, we introduce the forewing design, as illus-
trated in Fig. 15. Compared to the hindwing, it pre-
sents a larger longitudinal span and is narrower, with

()

(b)
B | d
€y
e,
(c) I—‘out
///
e, = By
Br
€y

Fig. 16 Dragonfly: 3D visualisation of wings with a simplified sketch
of thorax (a), modeled as the combination of a sphere of radius
r=6.0 mm and an ellipsoid of axes (a,b,c) = (3.0,2.0,18.0) mm.
Moreover, xy view (b) and yz view (c) are reported, highlighting the
definition of angle of attach for hindwing (f, = 30°) and forewing
b = 45°), as well as the distance between the two distinct wings
d = 5.00 mm. Finally, I, represents the outflow boundary (brown)
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(a)

(d)

p [Pa]

—3.9¢6 2.4¢e6 0.00 1.7e3

Fig. 17 Hindwing: normalised pressure and streamlines in a section generated by the e, — e, plane passing through the centre of the fluid
domain. The plots refer to four instants along the period: 7/4 (a), 7/2 (b), 37/4 (¢), and T (d)

l,, =27.1mm and [, = 6.4 mm. The forewing is thicker,  forewing geometry is depicted in Fig. 15a, while the vein
with h, = 7.2 ym and the parameters of the two levels of  pattern is highlighted in Fig. 15b and the hinge locations
veins are (r;,w;) = (0.15,0.11) mm for the primary veins  are illustrated in Fig. 15c. Finally, a three-dimensional rep-
and (r,, w,) = (0.08,0.06) mm for the secondary veins. The  resentation of the full dragonfly is provided in Fig. 16a,

@ Springer
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e. \\L\\\\\

Fig. 18 Hindwing: the axis of rotation is parallel to e, and located
at (xy,zy) = (—=10.0,0.0) mm. The oscillation has a frequency of
f =32.3 Hz and maximum amplitude of ¢, = 30°

Force [mN]
(=]
g

-0.40 +

-0.80 . . . .
0.00 0.05 0.10 0.15 0.20 0.25

Time [s]

Fig. 19 Hindwing: lift force exerted on the wing’s surface over time
for eight periods

where the body is modeled as the combination of a rigid
sphere of radius » = 6.0 mm and a rigid ellipsoid of axes
(a,b,c) = (3.0,2.0,18.0) mm. The distance between the two
wings is about d = 5.00 mm. In this investigation, a simpli-
fied kinematic is adopted. For each wing, let us consider
a local (x',y’,7') reference frame centred at the attachment
point between the wing and the body and with local axes
parallel to the global ones. The wing oscillates around a
fixed axis lying in the local y’, 7’ plane and having an angle
with respect to y', called angle of attack. The selected angles
are ff, = 30° and B, = 45°, respectively for the hindwings
and the forewings. The cartesian views in Figs. 16b and c
help clarify the adopted choices. Only half of the dragonfly
is simulated assuming symmetry with respect to the global
x = 0 plane.

@ Springer
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Fig.20 Hingding: displacement of the leftmost point over time for
eight periods

6.2 Hindwing model: results and discussion

Before addressing the full-model simulation in the follow-
ing Section, we consider here a preliminary test in which
only the hindwing is present and has vanishing angle of
attack, i.e. f, = 0°. The wing hence rotates around an axis
parallel to e, passing through the attachment point located at
(%9, 20) = (;10.0, 0.0) mm. The imposed oscillation is:

(1) = , sin(2fi),

where ¢, =10°, T = STP, Tp =1/f, and f =32.3 Hz, as
illustrated in Fig. 18.

To simulate the movement of the hindwing, we con-
sider a fluid domain represented by a rectangular box
Qf = [0,100] x [-10, 10] X [—10, 10]. Zero pressure in
imposed on I' ,,,, while Dirichlet homogeneous boundary
conditions are prescribed on the rest of the boundaries. The
physical parameters of the fluid are set as p, = 1.2 kg/m?3

te[0,7], (78)

and v; = 1.48 X 107> ms, leading to a Reynolds number of
Re ~ 4000 [85]. The mesh is made up of 120,000 tetrahedral
elements and 600,134 degrees of freedom, while the mechani-
cal part is modeled with 4650 triangular membrane elements
and 812 linear beam Timoshenko elements. Moreover, the
mesh size around the wing surface is sufficiently small to cap-
ture the leading edge vortices, as illustrated in [86, 87]. Aitken
acceleration is employed, with a parameter value of g,, = 15
and tolerance of £, = 10~ and £, = 10~ and a constant time
step A7 = 0.0025 s. Fluid subiterations are applied, with
b,, = 2 and tolerances of ¢, = 10~ and £, = 1073, as well as
re-connection with refinement, with Q* = 0.05, f,, = 50, and
a =1[04, 0.9].
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Fig.21 Hingding: stress distribution at time f = 7. The plots refer to
different quantities: o, (a), Gy (b), shear Oy (c), and Von Mises oy,

@

Figure 17 shows velocity magnitude, pressure and stream-
lines in the plane y = 0, for four time-steps in a single period
T. We can notice the formation of a large vortex at the end
edges and the pressure discontinuity across the membrane is
evident. This is a crucial point because the lift of the dragonfly
wing is due to the leading edge vortex effect, thus it is impor-
tant to define the mesh in order to capture these phenomena.
Furthermore, the choice of modeling the surrounding air as
incompressible is justified, as the Mach number is much lower
than the compressible threshold Ma = 0.004 < Ma* = 0.3,
computed at constant ambient temperature.

In Fig. 19, we compute the lift force exerted on the wing
surfaces in the z—direction being the most meaningful
component according to the flapping kinematics imposed.
Secondly, we can notice that the force time history is peri-
odic, with period T and a positive mean value. This result
is expected, as we are neglecting the interaction with the
second wing, and we are only enforcing a symmetric rota-
tion around the y-axis. Lastly, to highlight the importance
of the structural element, the displacement of the tip point
is reported in Fig. 20 and the stress distribution is depicted
in Fig. 21. We can notice that the displacement is periodic
with period 7, and a membrane behavior well captures the
interaction with the air.

6.3 Dragonfly model: results and discussion

In this section, we present the results of the complete drag-
onfly model simulation. The wings move in anti-phase with
the following imposed kinematics, for ¢t € [0, T]:

O, (1) = DY + ¢, sinQxfD), (79)

@m:@+@mmm+%x (80)

where ¢, = ¢, = 30°, @, = —0.0077. Moreover, the axis of
rotation lies on the plane defined by the angle of attack and
it is located at the hinge with the thorax, namely:

o, = cos(f,)e, + sin(f)e,, (81)

o; = cos(fy)e, + sin(fy)e,, (82)

and the oscillation occurs around a stationary position
@) = 15° and d)}’ = 5°, respectively. The fluid domain,
depicted in Fig. 16b, consists of a fixed box
Q} = Q; = [0,100] x [-10, 10] X [-10, 10], where a sphere
and an ellipsoid are removed to model the dragonfly’s body.
The fluid mesh is composed of 151,121 tetrahedra and
689,123 degrees of freedom, while the solid mesh is com-
posed of the hindwing mesh already presented in the previ-
ous Subsection and the forewing mesh is made up of 4121
membrane triangular elements and 765 linear beam ele-
ments. Regarding fluid parameters, they are chosen as in
Sect. 6.1. The initial fluid domain is assumed at rest and a
reference zero-pressure is imposed on the lateral face next
to the wing’s tips, while everywhere else but on fluid—struc-
ture interfaces homogeneous Dirichlet boundary conditions
are prescribed.

Figure 22 depicts the streamlines around and between
the two different wings. The leading edge vortex is cor-
rectly captured and additional vortexes are generated by
the aerodynamic interaction of the two deformable wings.
Finally, Fig. 23 shows the total lift force exerted on the
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0.0 1.7e3

Fig.22 Dragonfly: streamlines in a section generated by the e, — e, plane passing through the centre of the fluid domain. The plots refer to sev-
eral instants along the period: 7/8 (a), 7/4 (b), 37/8 (c), T/2 (d), 5T/8 (e), 37/4 (f), 7T/8 (g), and T (h)

dragonfly wings. Compared to the single wing analysis, 7 Conclusions

the mean force value has increased by about 50 %, thus

underlying the importance of the wing acrodynamic inter-  In this paper, a partitioned approach has been employed
action during the flight. to simulate FSI phenomena involving lower dimensional
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Fig. 23 Dragonfly: total lift force exerted on the wing surfaces over
time for eight periods

structural Finite Elements. Regarding the fluid subprob-
lem, incompressible Navier-Stokes equations have been
solved with a Finite Element ALE approach, while the
solid and coupling problems have been treated by the out-
of-the-shelf software Abaqus. For this work, a novel re-
connection algorithm has been developed and successfully
applied to a simplified model of dragonfly MAV. Moreo-
ver, the bi-dimensional structural element has been rep-
resented in the fluid domain as an immersed surface, and
the mesh connectivity has been modified duplicating the
fluid—structure nodes. Firstly, the deformation of a single
hindwing has been studied, where a rotation is imposed on
the joint between the thorax and wings, maintained fixed
over time. In this model, the solid part has been discre-
tised with structural finite elements, such as membrane and
beam, and a positive mean lift force is achieved. Secondly,
we have enriched the dragonfly model incorporating also
the forewing and a sketched thorax geometry. In this sce-
nario, we have addressed the interaction between the two
types of wings, highlighting the complex fluid dynamics
and the creation of vortexes due not only to the movement
of single wings but also to their anti-phase oscillations.
Although we do not have a detailed model to capture with
extreme accuracy the physical phenomena, the leading
edge vortex generation has been reproduced. Among the
several assumptions taken in the modelisation phase, the
following ones have a more crucial role and might be con-
sidered for future developments. Corrugation phenomena
are excluded, with the hypothesis of wings possessing
uniform thickness. Additionally, physical properties are
assumed constant throughout the analysis. Furthermore,

the composite nature of the wing material has not been
accounted for. Moreover, wettability considerations are
disregarded as a contributing factor in the analysis. Con-
cerning wing kinematics, we have considered a simple
rotation, whereas the model could have been enriched by
incorporating a more realistic motion, decomposed into
rotations around different axes.
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