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Abstract: In this paper, a fast and accurate simulation method for the large deformation motion of
anisotropic complex models is proposed. By establishing a fluid–structure interaction (FSI) coupling
model based on the Lattice Boltzmann Method (LBM) and the Central Difference Method, the effect
of flexible deformation on the aerodynamic performance of anisotropic wings during flapping is
analyzed. The method can provide theoretical guidance and data support for the fluid–solid coupling
study and the aerodynamic optimization of Micro Aerial Vehicles (MAVs).
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1. Introduction

Over the past few decades, a multitude of experimental and computational analyses
have been undertaken to scrutinize the aerodynamic efficiency of flying insects, which has
substantially aided in the advancement of Micro Air Vehicles (MAVs) [1–7]. The majority
of these investigations have utilized rigid wing models. Nevertheless, observations of
insects in free flight have revealed the presence of wing deformations characterized by
dynamic changes in camber and spanwise rotation [8–15]. Consequently, the flexibility
and deformation of wings are crucial aspects of the flapping flight mechanism, and it
is imperative to delve into the aerodynamics of such flexible deformations in regard to
flapping wing flight.

Most of the current CFD methods are based on structured/unstructured body-fitted
meshes. Although the related mesh generation techniques have made great progress in
recent decades, the complex boundary problems that can be dealt with by this form of mesh
are extremely limited. For example, flexible wings have complex geometrical shapes, and
the shapes change periodically with time during the flapping process; therefore, the study
of this phenomenon using the body-fitted meshes will face the challenge of difficult mesh
generation and reconstruction. In fact, the flow phenomenon of flexible wing flapping is
a typical representative of the combination of complex boundary and moving boundary
conditions, and how to solve these two types of problems accurately and efficiently is one
of the keys to further expanding the application of CFD methods.

The present study develops a coupling framework that integrates fluid–structure
interactions (FSIs), leveraging the Lattice Boltzmann Method (LBM) in conjunction with
the Central Difference Method. Different from traditional numerical methods that rely
on the discretization of macroscopic Navier–Stokes equations using body-conforming
grids, the LBM is founded on microscopic simulations and operates on a grid-based spatial
discretization known as a lattice. This approach enables precise and efficient computation
of fluid dynamics scenarios involving intricate and shifting boundaries.
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2. Methodology
2.1. The Method of FSI

The simulation of fluid dynamics is executed utilizing the commercial CFD soft-
ware XFlow (Xflow2019, Dassault Systemes, French, 2019), which addresses the three-
dimensional rendition of Boltzmann’s transport equation through the LBM. This software is
capable of modeling the transient aerodynamic properties of wings in motion, a capability
that has been confirmed by prior research [16,17]. The spatial discretization in the LBM
is achieved through lattices, comprising a grid of discrete points aligned in a Cartesian
pattern, each associated with a set of velocity vectors denoted as ei (i = 1, . . ., m). The
lattice structures are categorized using the DnQm nomenclature, with n indicating the
dimensionality and m signifying the quantity of velocity directions. For this particular
approach, the D3Q27 velocity model, in conjunction with a central moment collision op-
erator, is implemented to bolster numerical stability. XFlow arranges the D3Q27 model
within an octree framework, facilitating a fourth-order spatial discretization and enabling
the management of multi-resolution and adaptive mesh-refinement capabilities.

The equation that regulates the flow field within the continuous domain is pre-
sented below:

∂ fi(r, t)
∂t

+ ei · ∇ fi(r, t) = Ωi, i = 1, . . . , m (1)

where fi (r, t) denotes the probability distribution functions for particles possessing velocity
ei at a specific location r and at a given moment t. The term Ωi refers to the collision operator,
which is responsible for determining the state of particles post-collision while ensuring the
conservation of mass and linear momentum. The discretization of this equation on a lattice
structure is detailed subsequently as follows:

fi(r + ei, t + dt) = fi(r, t) + Ωi( f1, . . . , fm), i = 1, . . . m (2)

Similarly to the continuous form of the Boltzmann equation, the macroscopic proper-
ties can be extracted by analyzing the statistical moments of the probability distribution
functions (PDFs):

ρ =
m

∑
i=1

fi (3)

pv =
m

∑
i=1

fiei (4)

XFlow is capable of executing fluid–structure interaction (FSI) simulations in conjunc-
tion with external finite element analysis (FEA) structural solvers, including Abaqus and
Nastran. For this study, the finite element model (FEM) solver Abaqus 2019 is employed
to model the mechanical response of the flapping wing. Its capacity to replicate the me-
chanical attributes of insect wings, which include a membrane and vein configuration, has
been confirmed through earlier research. Abaqus/Explicit solves the equations of motion
in an explicit manner over time, relying on the Central Difference Method. It utilizes the
kinematic data from one time step to determine the conditions for the subsequent step. At
the commencement of each time step’s solution, the dynamic equilibrium must be met,
which is expressed as the product of the nodal mass matrix M and the nodal acceleration

..
u

equaling the net nodal force, calculated as the difference between the externally applied
force P and the internal element force I as follows:

M
..
u = P − I (5)

The nodal acceleration at the start of the current time step (t) are determined as follows:

..
u
∣∣∣(t) = M−1(P − I)

∣∣∣(t) (6)
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The central difference approach is employed for the integration of accelerations, with
the velocity alteration being computed under the assumption of a uniform acceleration.
This alteration in velocity is then superimposed onto the velocity at the midpoint of the
preceding increment to ascertain the velocities at the midpoint of the current increment:

.
u
∣∣∣(t+ ∆t

2 ) =
.
u
∣∣∣(t− ∆t

2 ) +
(∆t

∣∣∣(t+∆t)+∆t
∣∣∣(t−∆t) )

2
..
u
∣∣∣(t) (7)

By summing up the velocities, and including the starting position of the increment,
we can determine the position at the increment’s end, as follows:

u
∣∣∣(t+∆t) = u

∣∣∣(t) + ∆t
∣∣∣(t+∆t)

.
u

∣∣∣∣∣∣(t+∆t
2

)

(8)

To facilitate the data interchange between the fluid dynamics solver and the struc-
tural dynamics solver, and to achieve fluid–structure interactions (FSIs), the Abaqus
Co-Simulation Engine (CSE) is deployed to orchestrate the linkage between XFlow and
Abaqus/Explicit. The Abaqus CSE oversees the coupling by facilitating data transfer be-
tween the solvers and aligning data on the fluid–structure interface grid. In this research,
the Abaqus CSE synchronizes the solvers in real-time, utilizing the explicit Gauss–Seidel
method, which operates sequentially as one field trails the other by a single coupling step.
XFlow is designated as the primary solver in the coupling sequence, dictating the time step
preference for data exchange as per the Abaqus CSE. This engine facilitates bidirectional
FSIs by transferring forces from XFlow to Abaqus/Explicit and structural displacements
in the reverse direction. The co-simulation workflow is depicted in a block diagram in
Figure 1. Additionally, the CSE’s key feature is data mapping. Given the infeasibility
of one-to-one correspondence between the FEA and LBM meshes, the CSE employs a
sophisticated and robust interpolation technique to manage this essential task effectively.
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Figure 1. Co-simulation process flow.

2.2. Validation of FSI Method

To substantiate the accuracy of the numerical approach presented, we scrutinize the
characteristic flow patterns associated with the motion of flapping wings. As depicted in
Figure 2a, the temporal variations in the horizontal and vertical force coefficients during
the fourteenth wingbeat of a hovering dragonfly are illustrated, aligning with the analysis
conducted by Wang [18]. The aerodynamic forces derived from the simulation method



Eng. Proc. 2024, 80, 26 4 of 8

outlined in this study are found to closely match the referenced results. Figure 2b presents
a comparative analysis of the vortex contours for the flapping wing. Observations indicate
that the flow fields near the wing by this numerical approach align well with Wang’s
methodology, with an enhanced depiction and capturing of the vortex wake.
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Figure 2. Verification against Wang’s dataset for a 2D dragonfly in hover mode: (a) force coefficient;
(b) vortex contour.

2.3. Geometric Model

To simulate the flow field of a dragonfly forewing flapping, a model of the dragonfly
wing is first constructed. In order to obtain accurate geometric information on dragonfly
wings, the digitized images of dragonfly wings were analyzed with Imageware software to
extract the geometric layout of the veins and the membrane structure. Subsequently, the
geometric details of the wings were imported into Abaqus for the purpose of constructing
the model. The membrane structure of such a wing is a naturally occurring biopolymer
membrane primarily composed of structural proteins [19,20], with the thickness varying
between 5 and 10 µm and gradually thinning from the leading to trailing edge [21]. There-
fore, the four-node finite-membrane-strain shell element S4R, with a thickness of 5 µm,
was selected to simulate the wing membrane. The primary supporting structure within
a dragonfly’s wing vein is the chitinous layer. Hence, the wing vein can be simplified
into hollow tube elements [22,23], which are simulated using the two-node Lagrangian
interpolated beam cell B31. Based on biological measurements [24,25], the wings were
divided into five sections according to the diameter of the wing veins, as shown in Figure 3.
Table 1 illustrates the material characteristics of both the veins and the membrane across
each section.
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Table 1. The parameter settings of the structural characteristics.

Vein
Region Material Outer

Diameter (µm)

1
E = 4 × 1011 Pa
ρ = 1200 kg/m3

γ = 0.3

135
2 100
3 85
4 70
5 55

Membrane Material Thickness (µm)

E = 3.75 × 109 Pa
ρ = 1200 kg/m3

γ = 0.3
5

In real flight, dragonflies use the muscles in their thorax and abdomen to drive their
wings to flap. Hence, it is necessary to apply restraints at the wing’s base in the finite
element model. The wing’s movement can be comprehensively specified by establishing
the motion equations, which incorporate six degrees of freedom for the nodes at the wing’s
base. The kinematics of the wing are referenced from the motion of the forewings during
dragonfly hovering flight [26].

3. Results and Analysis
3.1. Aerodynamics Force

This part of the analysis examines the variation in lift forces over time for both flexible
and rigid wings during their flapping motion. The flexible wing’s finite element model was
outlined in Section 2.3, whereas the rigid wing model is treated as an inflexible entity. Due
to the abrupt changes in the flow field during the transition of the wing from rest to flap,
there is a discontinuity in lift. Therefore, the force data from the first three flapping cycles
are discarded, and lift data from the fourth to sixth flapping cycles with good periodicity
were selected for time averaging.

Figure 4 presents a comparison of the lift forces produced by both flexible and rigid
wings under identical flapping motion parameters. It can be observed that, within a
complete cycle, the influence of flexible deformation on lift can be divided into three stages:
Phase 1(T = 0~0.15), where the lift of the rigid wing is greater than that of the flexible wing;
Phase 2 (T = 0.15~0.55), where flexible deformation contributes to an increase in lift; Phase
3 (T = 0.55~1.0) (i.e., the upstroke phase), where the lift force by a flexible wing is typically
similar to that of a rigid wing.
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3.2. Flexible Deformation and Flow Fields of Flapping Wing

From the analysis presented in Section 3.1, it is clear that the flexible wing outperforms
the rigid wing in terms of lift during the mid-downstroke. To gain a better understanding
of the aerodynamic principles behind the increased lift of the flexible wing, the paper
investigates the flow field at different sections along the wingspan of both wing types at
the midpoint of the downstroke (T = 0.25).

Figure 5a illustrates the geometrical differences between the FW (flexible wing) and
RW (rigid wing) throughout the downstroke phase. Influenced by aerodynamic force and
inertial effects, the FW exhibits significant deformation.
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Figure 5. The geometric comparison of FW and RW. (a) The geometrical differences between the FW
and RW during downstroke. (b) The spanwise two-dimensional flow fields at T = 0.25.

Figure 5b presents the spanwise two-dimensional flow fields ranging from 0.1R to
0.9R starting from the wing root extending to the wing tip (where R denotes the total wing
length) at T = 0.25. The data indicate that, in the proximity of the wing root (R < 0.6), the
2D flow patterns for both the flexible and rigid wings at equivalent spanwise locations
are nearly identical, rendering the impact of wing flexibility negligible. Nonetheless,
beyond R = 0.6, the influence of flexible deformation on flow structure stability becomes
pronounced. To delve deeper into the aerodynamic implications of flexible deformation
near the wingtip, the contours of dimensionless vorticity and dimensionless pressure were
extracted, and they presented within a range of 0.6R to 0.9R.

In the case of the rigid wing, as the vortex formation progresses from 0.6R to 0.9R,
the integrity of the leading-edge vortex (LEV) structure starts to deteriorate. The LEV,
which is the primary contributor to lift, is created at the wing’s leading edge during the
flapping motion. In contrast, the flexible wing maintains a stable vortex structure closer to
the wingtip. Observing at R = 0.7, it is evident that the LEV of the rigid wing has begun to
disintegrate, whereas the flexible wing’s LEV sustains its stability. The stability of the LEV
structure is crucial for lift generation, which accounts for the enhanced lift of the flexible
wing observed during the mid-downstroke phase.

4. Discussion and Conclusions

This study introduces an efficient and precise fluid–structure interaction (FSI) sim-
ulation technique utilizing the Lattice Boltzmann Method (LBM) that is tailored for the
dynamic analysis of anisotropic and intricate models undergoing significant deformation.
A finite element model that reflects the structural resilience of a dragonfly’s wing is devel-
oped to explore the aerodynamic impacts of flexible wing deformation during flapping
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maneuvers through FSI simulation. The findings reveal that the average lift coefficients
over a cycle for the flexible and rigid wings are 1.51 and 1.40, respectively, indicating a
7.86% increase in lift efficiency for the flexible wing.

To elucidate the enhanced lift performance of the flexible wing, a comparison of the
wing deformation and flow fields between the flexible and rigid wings is conducted. It is
observed that, during the mid-downstroke phase, the flexible wing’s deformation results in
a chordwise curvature, which helps maintain the stability of the leading-edge vortex (LEV)
structure, thereby contributing to increased lift.

The reliability and accuracy of the present FSI method for simulating large deformation
motions of anisotropic models (e.g., the flexible wing of MAVs) are verified by simulating
the flexible-wing flapping of dragonflies.
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