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Figure 1: Our method can real-time simulate realistic wing deformations of a wide range of flying insects, including (a) fireflies,

(b) painted lichen moths, and (c) monarch butterflies.
ABSTRACT

Realistic simulation of the intricate wing deformations seen in fly-
ing insects not only deepens our comprehension of insect flight
mechanics but also opens up numerous applications in fields such
as computer animation and virtual reality. Despite its importance,
this research area has been relatively underexplored due to the
complex and diverse wing structures and the intricate patterns
of deformation. This paper presents an efficient skeleton-driven
model specifically designed to real-time simulate realistic wing
deformations across a wide range of flying insects. Our approach
begins with the construction of a virtual skeleton that accurately re-
flects the distinct morphological characteristics of individual insect
species. This skeleton serves as the foundation for the simulation of
the intricate deformation wave propagation often observed in wing
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deformations. To faithfully reproduce the bending effect seen in
these deformations, we introduce both internal and external forces
that act on the wing joints, drawing on periodic wing-beat motion
and a simplified aerodynamics model. Additionally, we utilize mass-
spring algorithms to simulate the inherent elasticity of the wings,
helping to prevent excessive twisting. Through various simulation
experiments, comparisons, and user studies, we demonstrate the
effectiveness, robustness, and adaptability of our model.
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1 INTRODUCTION

Insect wings, characterized by their intricate structures, exhibit a
wide range of deformations during flight. As highlighted in numer-
ous biological studies [Johansson and Henningsson 2021; Young
et al. 2009], these wing deformations significantly contribute to
the aerodynamic efficiency of flying insects. A substantial body
of experimental research has been dedicated to examining the to-
pography and deformations of insects in free-flight [Aguayo et al.
2010; Cheng et al. 2008; Koehler et al. 2012; Young et al. 2009]. Sim-
ulating these nuanced wing deformations not only enriches our
understanding of insect flight mechanics but also offers numerous
applications in diverse fields such as animation, virtual reality, and
entertainment.

In the realm of biological mechanics, the flight of flying insects
is facilitated by the contraction and relaxation of thorax muscles
[Dickinson et al. 2000] to move the wings, a process that results in
considerable deformations, the result of the complex interactions
between wing components [Rajabi et al. 2022; Rajabi and Gorb 2020],
along the wing’s chord (camber) and span (twist) during flapping
flight. Despite their significance, the impacts of these deformations
remain inadequately explored in existing literature [Zheng et al.
2013].

Previous studies have primarily used polygon-based methods
to simulate insect wing motion during flight [Chen et al. 2022b;
Dickson et al. 2006; Wilson and Albertani 2014]. However, these
techniques often fall short of capturing the intricacies of wing
deformations accurately. The challenge of realistically simulating
these subtle deformations persist as a relatively uncharted area in
computer graphics and animation research. A key aspect of this
challenge is the motion initiation at the wing’s leading edge, leading
to a distinct wave propagation phenomenon during deformation
[Wootton 1981; Wu et al. 2010]. This process begins at the wing’s
root, extending towards the tip (camber or longitude bending),
and progresses from the leading edge to the trailing edge (twist or
transverse bending), as depicted in Figure 3.

Inspired by the above challenges, we introduce a novel real-
time, skeleton-driven framework designed to simulate the nuanced
deformations of flying insect wings. Our methodology commences
with the construction of a virtual skeleton that accurately reflects
the distinct morphology of various insect species. This skeleton
is crucial for emulating the complex pattern of wave propagation
observed in wing deformations. To simulate the bending effects of
these deformations, our model introduces a dual-force approach.
Internal forces, stemming from the insect’s periodic wing-beat
motion driven by root muscles, are combined with external forces
modeled using simplified aerodynamics principles. Additionally, our
simulation employs a mass-spring algorithm to mimic the natural
elasticity of insect wings.

The effectiveness and adaptability of our model are evaluated
through extensive simulation experiments and comparisons. Our
experiments show that our model can not only simulate the wing
deformations of a wide array of flying insects, such as butterflies,
moths, and fireflies, but also show its applicability to other animals.
For example, we effectively simulated the wing-like motions of a
freely swimming aquatic fish, demonstrating the potential of our
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model’s generalization beyond flying insect simulation. Figure 1
shows some example results by our approach.

The main contributions of this work can be summarized as fol-
lows:

e It introduces an effective algorithm to real-time simulate
wing deformation waves, commonly observed on the wings
of some flying insects.

o It introduces new force-based algorithms to efficiently emu-
late wing deformations in a wide range of flying insects.

The remainder of this paper is organized as follows. Section 2
provides a review of recent studies that are relevant to the presented
work. A schematic overview of our methodology is delineated in
Section 3. Sections 4 detail radial-shaped skeletons and the algo-
rithm to simulate the propagation of the deformation waves on
the wings. Our bending simulation algorithms, including forces
computation, are presented in Section 5. Section 6 describes the
simulations related to the elasticity. Our experimental results, com-
parisons, and user study results are presented in Section 7. Lastly,
limitations of this work and potential future research directions are
discussed in Section 8.

2 RELATED WORK

In this section, we briefly review recent efforts that are highly
related to this work.

Experimental measure and analysis of wings. Various experimen-
tal apparatuses have been meticulously designed to quantitatively
analyze the shapes, sizes, and deformations of insect wings by cap-
turing continuous wing motion. For example, Lecuit and Le Goff
[2007] explored cellular patterns and tissue-level motion in moth
wings. Bai et al. [2016] studied variations in wing shapes based on
digitized landmark data acquired from grasshopper wings. Salcedo
et al. [2019] analyzed and identified wing sizes, contour shapes, and
vein topologies in a variety of insects. Cheng et al. [2008] employed
a Fourier transform method to gauge the deformations in dragonfly
wings during free flight. Lehmann et al. [2011] proposed a model
to measure the stiffness, elastic deformation, and energy loss of
fly wings in flapping motion. Wehmann et al. [2019] designed and
applied an optical apparatus to measure local deformations and
stiffness distribution in flapping wings.

In addition to the above measure and analysis of living insects’
wings, researchers have also examined the deformation character-
istics of artificial wings [Naka and Hashimoto 2015; Van Truong
et al. 2017]. Wu et al. [2010], for example, used an artificial wing to
study the correlation between structural deformations and thrust
using a flexible membrane. Furthermore, Finite Element Analysis
(FEA) and Computational Fluid Dynamics (CFD) have been used to
analyze the wake turbulence induced by wing-beats [Koehler et al.
2011].

Despite the successes of the above methods, even the most in-
tricately designed experimental methodology cannot exhaustively
measure the minutiae of wing bending. Consequently, it remains
challenging to utilize such data to simulate subtle wing deforma-
tions and twisting of flying insects under a range of natural condi-
tions.
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Rigid body simulations for wing flapping motion. The simulation
of wing flapping in prior studies often conceptualizes the wing as
a rigid body. For example, Dickson et al. [2006] utilized periodic
functions to simulate the interaction between insect wings and ab-
domens. Wilson and Albertani [2014] applied rigid body methods to
model wing-beat motion, considering the inertia of the abdomen. To
simulate the long-range flight of flying creatures, Wu and Popovi¢
[2003] implemented proportional derivative controllers for wing
movements, coupled with trajectory optimization to emulate dy-
namic wing beats. Won et al. [2017, 2018] started with hand-crafted
kinematic motions to approximate wing beats, and then applied
deep reinforcement learning to refine these models, enabling the
generation of more nuanced wing movements. Recently, Chen et al.
[2022b] introduced a practical model to simulate butterfly flight,
employing parametric maneuvering functions to generate realistic
butterfly wing motion. Additionally, various models have been pro-
posed for the simulation of insect swarms [Li et al. 2015; Wang et al.
2014; Xiang et al. 2020]. Despite these advances, a common limita-
tion persists in these methodologies: the treatment of wing motion
as rigid body dynamics. This constraint hampers their ability to
authentically reproduce the dynamic deformations observable in
flapping wings.

Note that certain technical components of our work may share
similarity with those in the work by Chen et al. [2022b], specif-
ically, applying aerodynamics forces to act on flying insects and
periodical design to control wing motion. However, the work by
Chen et al. [2022b] mainly solves parameterized maneuvering func-
tions for butterfly flight simulation. Their model cannot handle
flexible wing deformations. By contrast, our model mainly focuses
on the real-time generation of realistic wing deformations, and our
methodology is substantially different from Chen et al. [2022b]. Fur-
thermore, both the vortex force and abdomen movements in Chen
et al. [2022b] are not considered in our model. The main reason is
that they have negligible effect on the geometric deformations of
wing surfaces.

Elastic body simulations. Simulation of thin objects, represented
as elastic bodies using polygon-based meshes, is a well-established
technique in computer graphics [Chen et al. 2018; Choi et al. 2007].
Accurately modeling thin shells as three-dimensional elastic solids
often requires fine Finite Element Method (FEM) meshes to capture
global bending behaviors [Barbi¢ and James 2005]. Cloth simulation
models, aimed at generating realistic elastic objects, have also been
extensively explored in the literature [Baraff and Witkin 1998; Wu
et al. 2022]. Simulation of one-dimensional structures like elastic
rods [Bergou et al. 2008; Spillmann and Teschner 2007] and hair
strands [Selle et al. 2008] represents common applications in this
domain. Moreover, the stochastic dynamics of two-dimensional
fabrics, including the simulation of wrinkles and the wave dynamics
of flapping flags, have been the subject of significant research [Blinn
1978; Bridson et al. 2005; Hoepffner and Naka 2011; Kavan et al. 2011;
Li et al. 2022]. In addition, skeleton-based models have also been
used to simulate the movements and feather deformations of a
flapping bird [Ju et al. 2013].

However, it is critical to note that simulations of the wing defor-
mations of flying insects present unique challenges. They undergo
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considerable chord-wise (camber) and span-wise (twist) deforma-
tions during flapping flight, exhibiting specialized deformation
characteristics. Also, wing motion typically starts at the leading
edge, leading to a distinct propagation of deformation waves. There-
fore, directly applying existing thin-shell models or standard cloth
simulation algorithms is inadequate to capture the intricate defor-
mations seen in insect wings.
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Figure 2: Schematic view of our approach

3 OVERVIEW OF OUR METHOD

Our method consists of the following main steps. First, we create a
virtual skeleton for the wings, meticulously reflecting the topog-
raphy. Second, based on the constructed skeleton, our algorithms
simulate realistic deformations of insect wings by integrating the
following modules: (i) a novel algorithm that propagates deforma-
tion waves across the wing from the leading edge to the trailing
edge; (ii) simulation of the bending effect observed in insect wings,
by applying forces to the skeletal joints that take into account
both an internal force and an external aerodynamic force; and (iii)
simulation of the elasticity in leading-edge-driven wings, facili-
tated by a mass-spring algorithm. As described in the above steps,
our method is practical for artists to apply it in industry practice.
Figure 2 illustrates the key modules in our approach.

4 DEFORMATION WAVE PROPAGATION
SIMULATION

In this work, we define a complete cycle of wing flapping motion,
beginning with the wing at its highest position, descending to the
lowest position (downstroke), and then ascending back to the initial
high position (upstroke). Concurrently, the wing undergoes sweep-
ing and feathering motions throughout the cycle. These flapping,
sweeping, and feathering motions are depicted in Figure 4. Our
observations indicate that during a wing-beat cycle, encompassing
flapping, sweeping, and feathering, the wing deformation predomi-
nantly initiates at the wing root and progresses towards the wing tip
along the leading edge. This progression results in a phenomenon
we term as longitudinal deformation wave propagation.
Furthermore, we observe a transverse deformation wave propaga-
tion, where the deformation starts at the leading edge and proceeds
to the trailing edge. In this cycle, the motion commences at the lead-
ing edge and culminates at the trailing edge, eventually reverting
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Figure 3: (a) Illustration of a radial-shaped virtual skeleton
deigned for the wing and the longitudinal deformation wave
propagation from the wing root to the wing tip. (b) The trans-
verse deformation wave propagation from the leading edge
to the trailing edge is driven through the chains of skeletal
joints.

/g Sweeping

77 . —_ S
Sweeping

Flapping

I‘Iapplng Feathering

Feathering "0

Figure 4: Illustration of wing wave motion decomposition.
The wing motion of a flying insect can be decomposed into
flapping, feathering, and sweeping. Each motion presents
periodic features and drives the wing to deform with a wave
propagation.

to the initial position. We refer to this as transverse deformation
wave propagation. To simulate the transverse waves, we design
radial-shaped chains of joints for each wing, as depicted in Figure
3(a) and discussed in Section 4.1. The process of the transverse
deformation wave propagation is also illustrated in Figure 3(b).
Simulating deformation wave propagation in triangle mesh mod-
els presents significant challenges, particularly when replicating
the complex wing beats of flying insects, which encompass three
distinct rotational motions: flapping, sweeping, and feathering. In
addition, the wings exhibit unique bending and elasticity character-
istics during flight, further complicating the simulation process. To
address these challenges, we design a hierarchical virtual skeleton
embedded within the wing structure, which serves as a guideline
to accurately model wing deformations (detailed Section 4.1). Build-
ing on this skeletal framework, we introduce effective algorithms
designed to realistically simulate both longitudinal and transverse
deformation wave propagations, as elaborated in Section 4.2.
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4.1 Wing Skeleton Creation

To date, no existing solutions or guidelines have been established
for the creation of virtual skeletons specifically tailored for flying
insects. In this study, we introduce an empirical approach, con-
structing a principal chain of joints along the leading edge to mimic
the arm-like motion of the wing. To accurately represent the phe-
nomenon of deformation wave propagation in the wing, additional
chains of joints are added, radiating from the wing’s root to its tip.

In the manual skeleton design step, users would need to first
have close-up view image(s) of the wing of a target flying insect.
By respecting the topology and vein structure of specific wings,
users then empirically determine the locations and the numbers of
joints in the wings. In our experiments, we empirically found the
number of chains should have at least three in one wing, and the
number of joints in each chain should be at least three. This design
is illustrated in Figure 3(a). A key feature of our method is that
each chain contains an equal number of joints, thereby simplifying
the process for artists and practitioners who consider to apply our
approach in practice.

After the virtual skeleton design, we rig the wing mesh using
the dual quaternion skinning approach [Kavan et al. 2007]. We
maintain a data structure to map each joint (e.g., the i-th joint)
to its influenced vertices (i.e., {vj|w;; # 0}, where w;; denotes
the skinning weight of the i-th joint on the j-th vertex v;), and
such mappings are pre-computed in the rigging process. The flying
insects experimented with in this work include monarch butterfly,
firefly, painted lichen moth, and fishfly. The wing shapes, triangle
meshes, and skeletons of these insects are illustrated in Figure 7.

In the following Section 4.2, we will describe how we simulate
the macro-level deformation wave propagation phenomenon based
on the cycles of wing flapping motion. In Sections 5 and 6, we will
describe how we simulate micro-level deformations on the wings,
including bending and elasticity.

4.2 Longitudinal and Transverse Wave
Simulation

Longitudinal Wave Simulation. Since a wave ends when a motion
cycle is completed, one solution for longitudinal wave simulation
(cycle motion) is to use a cosine function, without considering the
wave speed v, described as follows:

W(t) = Acos(2nft + ¢), (1)

where W is a waveform function, A is amplitude, f is frequency, and
¢ is phase shift. By complying with Equation 1, each chain of joints
with three instantaneous rotational motion (flapping, sweeping,
and feathering) is used to drive the longitudinal wave motion.

Transverse Wave Simulation. During transverse deformation wave
propagation, the leading edge first initiates flapping through the
principal chain of joints, and the remaining chains of joints follow
in sequence, each with a distinct delay. Assuming that there are n
chains of joints in the wing, the delay time #(r;) of the i-th chain
of joints relative to the principal chain of joints during a cycle can
be calculated as follows:

1 e =

i(r;) = ,
YT 2f e -l

@)
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where r1, r;, and r, represent the 3D positions of the root joints of
the first (principal), the i-th, and the n-th chains of joints, respec-
tively.

To this end, by integrating the longitudinal and transverse wave
propagations, our model drives each chain of joints as follows:

Wi (t,r;) = Acos

erf((t ~ i)t - f(ri))) ; q)), )

where I1(-) is a Heaviside function, and it is 0 for t—£(r;) < 0, which
indicates the i-th chain of joints is still waiting for the initiation
of flapping motion. Note that ¢ — #(r;) could be a negative value,
while relative time is not allowed to be negative; thus, we introduce
a Heaviside function II(-) to prevent it.
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Figure 5: Plotting of the slope shape function s(u) =
1/(1 + e_m(l“‘/l“muxl_%)) . The X-axis denotes the magnitude

of the velocity u divided by the maximum velocity u™%* of
the flying insect.
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Figure 6: Correlation between the wing’s local angle of at-
tack « and the coefficients [(a) and d(«). The lift coefficient
function (red curve): —0.00095953a + 0.090635a — 0.34182, and
the drag coefficient function (blue curve): —0.0000079518a +
0.0011527ar? + 0.0063148c + 0.51127.

5 BENDING SIMULATIONS

We design internal and external forces that are applied onto the
joints to simulate bending effects on the wings. Besides the gravity,
the forces considered in this work also include:
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e The internal force (described in Section 5.1), Fin is gener-
ated from the rotational motion of the wing. The internal
force is applied onto the joints in the skeleton.

e The external force, F&*, which is essentially a simplified
aerodynamic force (described in Section 5.2), computed for
each triangle of the wing mesh.

To rotate the joints to simulate the bending effect, we compute
torques based on the aforementioned forces. The torque ; for the
i-th joint is calculated as follows:

ex

7 =fi x (FI+ ) % + mig), (@)
j

where Fﬁ” is the internal force applied to the i-th joint; Ff}x is the
resultant external force applied to the j-th vertex that is influenced
by the i-th joint in the skinning model; #; denotes a vector from the
i-th joint, r;, to the wing root; g is the gravitational acceleration;
and m; is the mass for the i-th joint. In this work, the mass of a
joint is computed as the {w;;} weighted sum of the masses of the
triangles that are influenced by this specific joint (that is, w;; > 0
for all the three vertices of the influenced triangle). Also, we treat
the mass of the entire wing as one unit mass, and then compute
the mass of the i-th triangle according to the ratio of its area to the
entire wing area in the initial state.

5.1 Internal Forces

From a biological perspective, flying insects drive their wings through
the muscles at the root of the wing [Johansson and Henningsson
2021; Young et al. 2009]. But few, if any, existing studies provide
quantitative or even qualitative models for computing such muscle
forces. In this work, we assume we can utilize rotational motion to
inversely compute the corresponding internal forces. Specifically,
the internal force of the i-th joint is computed from the wing’s
harmonic oscillations (Equation 1), with the dynamical amplitude
and frequency as follows:

th = m;af
= —2m; (27 f* (up) 2A* (w)) cos(2nf* (up)ne*,  (5)
where x € {flapping, feathering, sweeping},

where FZt is the internal force of the i-th joint for one of the rota-
tional motion types at time t; m; is the mass of the i-th joint; e* is
the rotational direction of the wing at the start time; f*(u;) and
A*(u;) are frequency and amplitude functions, respectively; u; is
the velocity of the flying insect at time ¢. Here, we ignore the phase
shifts because the three types of cycle motion start at the same
time.

Following the work of [Chen et al. 2022b], we vary the values of
frequency and amplitude at each cycle according to the velocity of
the insect body u. Within each cycle of wing motion, the frequency
and amplitude (ie., f*(u) and A*(u)) are fixed, but they can only
be changed at the start of the next cycle. Furthermore, based on
our observations and the analysis of a publicly available butterfly
motion capture dataset [Chen et al. 2022a], flying insects have a
larger amplitude of wing motion during the take-off or climbing
process than other scenarios. In addition, flying insects typically
have a higher range of wing-beat angles when their bodies are
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Table 1: The maximum value of amplitude MAX} about the
flapping, feathering, and sweeping of the simulated insects.
Note that these values may not be the same as the biological
measurements of real insects; instead, they are mainly used
for the generation of plausible visual effects.

Flapping Feathering Sweeping

Name deg]  [deg] [deg]
Monarch 120 24 36
Firefly 156 78 0
Fishfly 120 24 0
Painted lichen moth 126 37 37

not horizontal, i.e., AoA (angle of attack) >0°, than the horizon-
tal case [Dorsett 1962]. To this end, we design the following two
functions to dynamically compute the frequency and amplitude:

max{MAXy = s(ug, ), MAXr % 0.85}, AoA > Z
F*(ugy) = SRR 5 (6)
MAXy « s(uyg,), else
and
MAXY , MAX> % 0.85}, AoA > Z
A*(uto) — max{* as(uto) a ¥ } 0. 6 (7)
MAX[s(uy,), else

where x € {flapping, feathering, sweeping}, u;, denotes the veloc-
ity of the insect body at the start of each motion cycle, MAXy is the
maximum value of the frequency, which is set to 11 Hz as suggested
in existing biological studies [Davenport 1994; Kang et al. 2018].
The maximum values of the amplitude MAX, for different flying
insects are listed in Table 1. Also, as shown in Figure 5, s(u) is a
slope shape function.

Finally, we can obtain the internal force F;'; for the i-th joint at
time ¢ in each cycle as follows:

Fin = Z F,. (8)
xe{flapping, feathering, sweeping}

5.2 External Forces

According to the quasi-steady state aerodynamics theory [Ellington
1984], flying insects’ flapping motion can generate aerodynamics
lift force and drag force. In our model, we treat aerodynamics as
an external force that influences wing deformations. Inspired by
previous studies of bird flapping simulations [Ju et al. 2013; Wu and
Popovi¢ 2003], we compute the aerodynamics force as follows:

1 1
Fi = EpsillVllzl(a), and Fiq= EPSillVsz(a), ©)

where F;; and F; 4 are the lift force and the drag force for the
i-th triangle, respectively; p is an air density constant; s; is the
area of the i-th triangle; and V is the air velocity over the wing’s
surface. If there is no wind, V can be treated as the triangle’s velocity.
The coefficients /() and d(«) are determined by the wing’s local
angle of attack (i.e., the triangle’s angle of attack), &, which can be
computed as follows:
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Vall
Vel

where V,, and V; are the components of the air velocity along
the normal of the wing surface and along the tangent direction
(i.e., the vector of base-to-tip), respectively. Inspired by the work
of [Dickinson et al. 1999], we introduce empirical Lift/Drag coeffi-
cient functions. Figure 6 plots the relation between the wing’s local
angle of attack « and the coefficients I(«) and d(«).

The resultant aerodynamics force then can be calculated as fol-
lows:

)s (10)

a = arctan(

F = Z(Fi,l +F;q). (11)

The computed aerodynamic force is equally applied to the three
vertices of the triangle (that is, each of the three vertices receives 1/3
of this specific triangle-based external force). Thus, each vertex has
aresultant force accumulated from its adjacent triangles. Finally, the
external force applied to the i-th joint is calculated as the skinning-
weighted sum of the external forces on its influenced vertices: F{* =
2jwi j.Fl.’}.x , where Ff}.x denotes the calculated external force on the
Jj-th vertex that has a skinning weight w;; > 0 from the i-th joint.

6 ELASTICITY SIMULATION

Our method described above can generate rotational motion for the
joints, simulating the bending effects. Furthermore, we also simulate
the elasticity of the wing using a mass-spring based algorithm.

Based on the Hooke’s law, we design an energy function as
follows:

B(r) = kel =l = 1), (12)

where r; and r; are the positions of two adjacent joints (e.g., the
i-th joint and the j-th joint), k. is the elasticity coefficient, L is the
rest distance between the i-th joint and the j-th joint. To this end,
the spring force from this energy function generated for the i-th
joint and the j-th joint are denoted as f; = V;E and f; = —V;E,
respectively.

To achieve the stability, we apply the implicit numerical integra-
tion [Baraff and Witkin 1998] to update the joint’s linear velocity
v and position r. Here, we assume that the spring force f(x*+) is
holonomic, i.e., depending on the position r only, we update the
joint’s linear velocity v and position r as follows:

tel — plk tr 2MLE(pli+r
{r r'k + Atvk + AtPM T f(rtker), (13)

vk = (pfk — ¢f) /AL,

where M is the mass matrix. Since Equation (13) is an implicit
representation of r’k+1, the computation of r’**! is equivalent to
solving an optimization problem as follows:

r’*1 = argmin F(r), (14)

for

— 1 £, tr 12
F(x) = g llr = ' = At [ + E(x), (15)

where E(r) is the energy function described in Equation (12). A
Newton-Raphson method is used to solve the above optimization
problem.
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Table 2: The values of the elasticity parameter used in our
experiments, the number of triangles in the wing mesh, and
the simulation FPS. The simulation time step is 0.02.

Elasticity # of triangles of ~Simulation

Name ke the wing mesh FPS
Monarch 1 4192 100
Firefly 2 12568 172
Fishfly 0.5 1210 160
Painted lichen moth 1.8 1648 150

7 RESULTS AND EVALUATIONS

We implemented our approach in Unity 3D using C# language, and
we ran all our experiments on an off-the-shelf PC with Intel(R)
Xeon(R) W-1290P CPU and 64G memory. To evaluate the effec-
tiveness of our model, we created several flying insect 3D models,
including two types of butterflies, a firefly, a fishfly, and a painted
lichen moth (shown in Figure 7). The firefly, painted lichen moth,
and fishfly are modeled according to the video from the Evolu-
tionary Biology & Behavior Research Lab at the North Carolina
Museum of Natural Sciences & North Carolina State University. Fur-
thermore, we applied the flight simulation model in [Chen et al.
2022b] to generate dynamic fight trajectories for wing deforma-
tion examinations. The empirically used values for the elasticity
parameters in our method are summarized in Table 2.

We describe our experimental results and comparisons in Sec-
tion 7.1, and present our user study results in Section 7.2. For an-
imations of our simulation results, please refer to the enclosed
supplemental demo video.

7.1 Simulation Results and Comparisons

The wing deformation of a monarch butterfly. The fore-wings
and hind-wings can be simply treated as a whole because it has
synchronous flapping motion [Dudley 2002]. Figure 8 as well as
the demo video shows a monarch butterfly with wing deformations
during free flight. The simulated monarch butterfly by our approach
can exhibit wing deformation waves, which propagate from the
leading edge to the opposite side.

The wing deformation of a swallow-tail butterfly. Unlike the monarch

butterfly, the fore-wings and hind-wings of a swallow-tail butterfly
move with different flapping amplitudes, i.e., its flying mainly relies
on the fore-wings. As shown in Figure 9, the simulated swallow-tail
butterfly demonstrates the intricate elasticity of its wings.

#1 Comparison with a real-world monarch butterfly. In this com-
parison experiment, we simulated the wing deformations of a
monarch butterfly in flight, and compared it with a real-world
monarch butterfly video clip. As shown in Figure 10, the simulated
wing deformations of the monarch butterfly, especially the defor-
mation wave propagation effect, are similar to those of the real
butterfly.

#2 Comparison with a real-world firefly. The wings of a firefly
are relatively small, compared to its body. The wings of the firefly,
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with transparent cell membranes, can exhibit flag-like deformations
during flight. Figure 11 shows the comparison between a simulated
firefly and a real-world firefly video clip. As shown in this compar-
ison, the simulated firefly by our approach has realistic flag-like
wing deformations.

#3 Comparison with a real-world painted lichen moth. The wing
motion of a painted lichen moth is similar to that of a monarch
butterfly. But the wings of the painted lichen moth can display more
softness during free flight. For example, its wing tips nearly deform
into cup-shapes, which can help to improve the flight efficiency dur-
ing take-off [Johansson and Henningsson 2021]. In our experiment,
we simulated the wing deformations of the painted lichen moth
by tuning the elasticity parameters in our model. Our simulation
results, as shown in Figure 12 and the demo video, demonstrate
that our method can simulate insect wings with various elasticities.

#4 Comparison with a real-world fishfly. A fishfly with four long
wings can fly with a high efficiency [Davenport 1994]. Usually, the
wing-beat frequency of the fishfly is similar to that of a butterfly,
i.e., 11Hz. In our experiment, we simulated the flag-like wing de-
formation of the fishfly and compared it with a real-world fishfly
video clip. As shown in Figure 13, the simulated wings of the fishfly
have realistic deformations as the real-world fishfly.

Results of different elasticity parameter values. Our model can be
used to simulate different wing deformations by tuning the values
of key parameters, e.g., elasticity. In this comparison, we simulated
the wing deformations of a fishfly with different elasticity values.
The comparison results are presented in Figure 14.

Comparisons with previous approaches. We also compared our
method with one of recent butterfly flight simulation approaches
in [Chen et al. 2022b]. However, the work of [Chen et al. 2022b]
does not simulate the detailed wing deformations although it can
achieve plausible butterfly wing-body interactions. For a fair com-
parison, we simulated the wing-body motion with a butterfly by
our approach, and directly compared the wing deformation with
the method in [Chen et al. 2022b] using the four insects in this
study. Visual comparisons are shown in the supplemental demo
video.

Results of fish fin motion. Not limited to flying insects, we also
applied our model on marine fish for a realistic simulation of fin
motion to test its applicability to other animals. As shown in Fig-
ure 16 and the demo video, a simulated snailfish flaps its major fins,
which is driven by our model, exhibiting realistic fin motion with
deformation wave propagation. Note that flying insects are applied
with lift/drag forces according to the aerodynamics theory, while
the fish in our example is applied with similar lift and drag forces in
the water. The lift and drag forces share the same functions when
applied in the air or water but with different coefficients.

7.2 User Study

Although there exist wing deformation measurement experiments
in biology field, the methods in existing biology literature generally
divide an insect wing into patches and then gauge the patches’
deformation to find max/min twists [Koehler et al. 2012; Rajabi et al.
2016]. Therefore, it is difficult for us to perform direct quantitative
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comparisons between our method and existing biological study
results.Also, since it is technically infeasible to acquire the ground-
truth deformations of the flying insects studied in this work during
their natural flights, we cannot perform quantitative evaluations
on our simulation results with respect to the ground-truth. Instead,
we conducted a user study to compare the simulation results by
three different approaches: (I) the state of the art butterfly motion
approach [Chen et al. 2022b] that is most related to our work, (II) our
approach without the deformation wave propagation component,
and (IIT) our approach. We chose the “paired comparison” evaluation
scheme [Ledda et al. 2005; Ma and Deng 2009] for our user study,
because, by selecting the perceptually better one between two visual
stimuli (a pair), participants can avoid to make forced, inaccurate
perception decisions, e.g., assign a subjective and quantitative rating
to each stimulus.

We used the above three different approaches to simulate the
same four flying insects (i.e., monarch butterfly, firefly, painted
lichen moth, and fishfly, as described in Section 7.1), and generated
a total of 12 stimuli. Then, we formed 12 pairs (e.g., (I) vs. (II), (II) vs.
(I1T), and (III) vs. (I)) for our user study. The left/right positioning in
these pairs was randomized.

A total of 40 student volunteers from a university campus partic-
ipated in our user study: 8 females and 32 males; their ages range
from 20 to 30 with the average age = 24.2; and all have their majors
in science and engineering but are agnostic in computer animation
or simulation.

Considering that most people probably never had a chance to
closely watch the dynamic motion of flying insects in their daily
lives, before our user study, we first showed them some Internet
video clips that contain high-fidelity, close-up views of the com-
pared flying insects, so that they can get familiar with those flying
insects to a certain extent. During the study, participants can watch
the two animation clips in a pair unlimited times before they se-
lected the more realistic one between the two.

Based on the user votes obtained, we summarize the user votes
in Figure 15. Our approach (method III) received significantly more
votes than the other two methods in this comparison. To quantify
the statistical significance of the results, we performed a two-tailed
independent one-sample t-test and calculated the p-value for each
row in Figure 15. As shown in this figure, our approach (method
IM) is statistically significantly better than our approach without
deformation wave propagation (method II), while the latter is sig-
nificantly better than the existing approach in [Chen et al. 2022b]
(method I).

8 DISCUSSION AND CONCLUSION

In this paper we present a real-time framework to effectively sim-
ulate realistic wing deformations of flying insects, based on bio-
inspired, hierarchical radial-shaped skeletons. Besides simulating
the deformation wave propagation phenomenon that is commonly
observed on insect wings, our method can also effectively simulate
the nuanced bending and elasticity effects of flying insect wings
through an introduced dual-force model. Through many simulation
experiments, comparisons, and user studies, we demonstrate the
efficacy and robustness of our approach to simulate a variety of
flying insects. However, we acknowledge our method may not be
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scientifically or physically correct. The objective of this work is
the design of an efficient and practical method to simulate visu-
ally plausible wing deformations for some flying insects as well
as its potential applications for other animals with similar wing
structures.

Our current approach can generate encouraging results, but it
has the following limitations:

e Currently, we manually design the skeletons for flying in-
sects. The skeleton design does not consider precise func-
tions of the vein networks in the wings.

e Due to the difficulty of obtaining ground-truth motion data,
we are unable to calibrate the parameters in our model or per-
form quantitative evaluations. Instead, our current approach
has to use empirically specified parameter values.

As a future work, we plan to apply machine learning methods
to extract the network of veins from 2D wing images. Based on
the wing venation topology, a more accurate virtual skeleton could
be created. Furthermore, an improved wing surface that respects
the wing venation topology would generate more smooth and ac-
curate wing deformations. In addition, our model can potentially
be extended to support aerodynamic analysis, for example, visu-
alization of laminar and vortex flow triggered by flexible wing
flapping [Koehler et al. 2011].
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(4

Figure 7: The constructed 3D flying insects include: (1)
monarch butterfly, (2) firefly, (3) painted lichen moth, and (4)
fishfly. Wing meshes and the designed skeletons are shown
on the right.

Figure 8: A simulated monarch butterfly during free flight.
The wing deformation waves propagate from the leading
edge to the trailing edge. The deformed wings are highlighted
with red arrows.

Figure 9: The wing deformations of a simulated swallow-
tail butterfly presents special elasticity during flight. The
deformed wings are highlighted with red arrows.
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Figure 10: The comparison of a real-world monarch butterfly
(a) and a simulated monarch butterfly by our method. The
monarch butterfly endeavor to flap wings during the climb-
ing process and thus exhibit intricate wing deformations.

(a) (b)

Figure 11: Comparison between a real-world firefly video clip
(a) and a simulated firefly by our approach (b). The simulated
wing deformations of the firefly have a flag-like deformation
motion with intricate elasticity, which is similar to the real
one.

o

— . —

Figure 12: Comparison between a real-world painted lichen
moth (a) and a simulated painted lichen month by our
method (b). The simulated wing tips nearly deform into cup-
shapes, which is similar to the real-world painted lichen
moth.

(a) (b)

Figure 13: Comparison of a real-world fishfly (a) and a simu-
lated fishfly by our method (b). The wing deformations of the
simulated fishfly exhibit intricate elasticity, which is similar
to the real one.
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Figure 14: Comparison of the wing deformations of a fishfly,
with different values of elasticity. “Wave on/off" indicates
whether our deformation wave propagation algorithm is
turned on or off. Results of different elastic parameter values
are also compared.
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Figure 15: The aggregated user voting result. The black box
indicates the total number of votes for the method III - our
model, the gray box indicates the total number of votes for
the method II - our model without deformation wave propa-
gation, and the white box indicates the total number of votes
for the method I - the method in [Chen et al. 2022b]. All
the computed p-values are smaller than 0.001 according to a
two-tailed independent one-sample t-test.
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Figure 16: Our method can simulate the fin flapping of a
snailfish, with deformation wave propagation.
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