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Flying insects can achieve remarkable and robust flapping aerodynamic performance and
flight stability in various environments partially owing to the passive mechanisms of their
wings and bodies, but a careful analysis associated with flexible wing hinge for forward
flight is missing. Here we develop a fluid-structure interaction model that couples the
one-torsional-spring-based elastic wing-hinge dynamics with the flapping aerodynamics
to study the aerodynamics and flight stability of the hawkmoth, Manduca sexta, with
flexible wing hinge at various flight velocities. The results show that the leading-edge
vortex, the body vortex, and their interactions are responsible for augmenting the vertical
force production interactively at all flight velocities, enabling a 6.5% increase at fast flight
speeds. The elastic storage enabled by the flexible wing hinge exhibits a J curve, achieving
high power efficiency at intermediate forward flight velocities. We verify that the realistic
wing-hinge stiffness leads to optimal aerodynamic performance in terms of vertical force
production and power cost. External disturbance rejection based on the flexible wing hinge
is highly robust in multiple directions, independent of the forward flight velocity. This
study highlights the importance and significance of flexible wing hinges in biomimetic
designs for flapping micro aerial vehicles.
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I. INTRODUCTION

Flying insects with flapping wings are capable of achieving remarkable unsteady aerodynamic
performance and robust maneuverability in complex natural environments [1]. They utilize their
intrinsic musculoskeletal system in terms of the deformable body, flexible wings, and wing hinges
[2–6], which work interactively and complementarily to enable robust aerodynamic performance
and flight stability in hovering and forward flight. The asynchronous indirect muscles on the thorax
[7] and the synchronous direct steering muscles within the wing hinge [8] are used to control the
flapping wing motion, while the musculoskeletal system drives the wing in a passive way [9] via the
flexible wing hinge through the interplay between the inertial, aerodynamic, and elastic restoring
forces, thus altering the wing kinematics and aerodynamics [10]. How these flexible wing hinges
alter the unsteady aerodynamics while retaining robustness at various forward flight velocities
remains an open question.

The flapping aerodynamics of an insectlike wing-body model undergoing flapping flight have
been studied using rigid wing-hinge models. The rigid wing-body interaction of the leading-edge
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vortex (LEV) and body vortex (BV) in the vicinity of the wing root has been investigated experi-
mentally [11–13] and computationally [14–22] for the hovering and forward flight of insects and
birds. Several computational fluid-dynamics (CFD)-based studies on the flapping flight of cicadas
[14,15], fruit flies [18], hawkmoths [17], and hummingbirds [16,19] have confirmed the formation of
body-based vortices attached to the upper body surface. Additionally, high lift enhancements owing
to rigid wing-body interaction have been identified in the hovering flight of fruit flies [20–22] and
in the forward flight of cicadas [14,15] and hummingbirds [16,19]. Recent studies on the forward
flight of hawkmoths [23] also proved the crucial role of rigid wing-body interaction in aerodynamic
performance, producing notable vertical force enhancements and energy saving over a broad range
of flight velocities. However, the effects of wing-body interaction on the flapping aerodynamics and
energetics in the case of flexible wing hinges remain poorly understood.

Recent studies on flapping aerodynamics with flexible wing hinges have focused on hovering
flight. A strongly coupled fluid-structure interaction (FSI) method [24] was developed to explore
the interaction between passive wing-pitch rotation and flapping aerodynamics, revealing that an
advanced pitch up of the wing induced by a flexible feathering hinge [24] can enhance the lift force
production via wake capture [25]. With consideration of the weak coupling between aerodynamics
and a damped torsional spring, Beatus and Cohen [26] found that sufficient lift for the insect to stay
airborne could be produced at a realistic power cost [27] through the passive and indirect alteration
of the wing-pitch kinematics. Ishihara [28] introduced a two-torsional-spring model to combine the
passive elevation and feathering motions, and reported a pronounced increase in vertical force under
a figure-of-eight mode of the wing-tip path, which can be attributed to an intense LEV enhanced
by passive upward elevation motion. Cai et al. [10] developed a FSI model to deal with the three-
torsional-spring-based elastic wing-hinge dynamics in bumblebee hovering, proposing a strategy
combining an active-controlled stroke with a passive-controlled wing pitch and deviation to enable
optimal elastic storage. Furthermore, the flexible wing hinge enables robust flapping wing dynamics
in terms of elastic storage, enabling high power efficiency to be achieved over a broad range of
wing-hinge stiffnesses [10]. While recent advances have addressed some elastic wing-hinge-based
mechanisms concerning insect hovering flight [29,30], a careful analysis of how the flexible wing-
body interaction associated with elastic wing hinges alters the unsteady aerodynamics, energetics,
and flight stability in forward flight is missing.

In this paper, we aim to identify how the elastic wing hinges associated with flexible wing-body
interactions alter the unsteady aerodynamic performance while retaining robustness in the forward
flight of the hawkmoth, Manduca sexta, over a broad range of flight velocities. In Sec. II, we describe
a wing-body morphological model and realistic wing-body kinematics comprising hovering and
five forward flight velocities, which are constructed based on experimental data and modified for
trimmed forward flight. A FSI model that couples the one-torsional-spring-based elastic wing-hinge
dynamics and unsteady flapping aerodynamics is employed, enabling precise predictions of the
vortical dynamics, aerodynamic forces, and powers for a variety of flight motions. In Sec. III,
we comprehensively analyze the near-field flow structures, including LEV-based and BV-based
mechanisms, in a feathering wing-hinge model, as well as the flexible wing-body interaction
effects on the aerodynamic force production and power consumption at various flight velocities.
An extensive discussion is presented in Sec. IV, involving the robustness retained by the flexible
wing hinge over broad feathering–spring stiffness conditions and external disturbances at various
flight velocities. Finally, we summarize the key findings and conclusions from this study in Sec. V.

II. METHOD

A. Morphological and kinematic models

We employ the experimental data for the forward flight of Manduca sexta obtained in a wind tun-
nel by Willmott and Ellington [31,32]. A wing-body morphological model and realistic wing-body
kinematics have been constructed for both hovering and five typical forward flight conditions. The
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FIG. 1. (a) Schematic of wing kinematics parameters of a hawkmoth model defined in a global (xg, yg, zg)
and a body-fixed (xb, yb, zb) coordinate systems. (b) Wing kinematics expressed as three angles: the positional
angle ϕ (orange line), elevation angle θ (blue line), and feathering angle η (green line). (c) Multiblock and
overset-grid systems of a hawkmoth CFD model comprising a background grid block, (d) a body block, and
two wing blocks.

hawkmoth model has a wing length R of 50.64 mm, a body length L of 41.85 mm, and a mean chord
length cm of 18.6 mm. The wing mass mw and the body mass mb are 89.58 and 1995 mg, respectively.
The wing kinematics are defined using three Euler angles: the positional angle ϕ, elevation angle θ ,
and feathering angle α, which are expressed in terms of the Fourier series [Figs. 1(a) and 1(b)]. The
positional angle φ is the sweep angle of the projection of the rotation axis within the stroke plane,
the elevation angle θ is the deviation angle between the rotation axis and the stroke plane, and the
feathering angle α is the geometric angle of attack around the rotation axis. The Reynolds number
for forward flight is defined as Re = Uref Lref

υ
= V cm

υ
, where the reference velocity Uref is defined as

the forward speed of insects V , the reference length Lref is defined as mean chord length cm, and the
air kinematic viscosity υ equals 1.5 × 10−5 m2 s−1. Detailed kinematic parameters of the hawkmoth
wing-body model in terms of the flapping frequency f , stroke amplitude �, stroke plane angle χ ,
and body angle βSP covering a broad range of flight velocities have been reported by Xue et al. [23],
which are listed in Table I.

B. CFD wing-body model with flexible wing hinge

We developed a CFD model with flexible wing hinges, comprising a CFD wing-body in-
sect model for computing the flapping aerodynamics and a one-torsional-spring-based elastic
wing-hinge model that mimics the passive wing-pitch motion. The two models are solved in a
loose-coupling manner. The CFD wing-body model is based on an in-house insect-inspired dynamic
flight simulator [33–39]; this simulator is versatile, easily integrating the modeling of realistic
wing-body geometries, realistic wing-body kinematics, and unsteady aerodynamics in flapping
hovering and forward flight. A fortified finite-volume method-based Navier-Stokes solver is utilized
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TABLE I. Wing-body kinematic parameters of hawk moth in hovering and forward flight [31].

Speed (m/s) f (Hz) � (deg) χ (deg) βSP (deg)

Hovering 25.4 113.2 33.9 23.4
0.9 25.6 105.5 27.8 23.3
2.1 24.8 99.5 25.8 37.6
2.9 26.1 97.1 19.9 44.4
3.8 24.8 102.7 20.0 52.7
5.0 25.0 103.9 18.0 56.4

for incompressible flows with a dynamically moving multiblocked overset-grid system, as shown
in Figs. 1(c) and 1(d). It has been verified to be self-consistent through a variety of benchmark
tests capable of evaluating unsteady flapping aerodynamics in terms of vortex flows, inertial and
aerodynamic forces, torques, power consumption, and energetic efficiency over a broad range of
Reynolds numbers (Re) from 101 to 104 in different species [5,36,38–41]. The current model
contains a four-block overset grid: a body grid (37 × 39 × 9), right-wing and left-wing grids
(39 × 65 × 22), and a background grid (165 × 101 × 113) for resolving the near- and far-field
vortical structures. Figures 1(c) and 1(d) depict the computational geometric models and grid
systems of the CFD model.

In flapping forward flight, the aerodynamic forces Faero are estimated via an integral over all the
cells on the wing and body surfaces [35], in which the three force components Fx, Fy, and Fz denote
the horizontal force in the direction of forward flight, the side force, and the vertical force normal to
the forward velocity [23], respectively. The body-mass-specific aerodynamic powers are defined as
the scalar product of velocity and the aerodynamic forces acting upon the wings and body, Paero =∑

i(Fw,i · vw,i + Fb,i · vb,i )/mb, and the body-mass-specific inertial powers are defined as a scalar
product of velocity and the inertial force acting on the wing [35], Piner = ∑

i(mw,iaw,i · vw,i )/mb,
both divided by the body mass mb [23]. Here mw,i is the wing mass of cell i, and aw,i and vw,i

denote, respectively, the wing acceleration and velocity at the center of cell i. The terms Fw,i and
Fb,i are respectively the aerodynamic forces exerted upon the wings and body, and vw,i and vb,i are
respectively the wing velocity and body velocity at the center of cell i. The total mechanical power
is thus obtained as

Ptotal = Paero + Piner. (1)

Therefore, the periodic-averaged total mechanical power can be calculated in a wing-beat stroke
as P̄total = 1

T

∫ T
0 Ptotaldt . Note that the negative part of the total mechanical power throughout the

wing beat is considered as the elastic storage [38], which is correlated with the elastic wing-hinge
model in flapping flight.

The self-consistency of the wing-body CFD model integrated with the flexible wing-hinge model
was verified and confirmed through comparisons (Fig. 2) of time-varying aerodynamic horizontal
and vertical forces, as well as the pitch torque in forward flight for various cases. Case 1: coarse
mesh (body grid: 31 × 33 × 7; wing grid: 33 × 55 × 19; background grid: 77 × 85 × 57) with a
time step of dt = 0.0005. Case 2: medium mesh (body grid: 37 × 39 × 9; wing grid: 39 × 65 × 22;
background grid: 93 × 101 × 69) with a time step of dt = 0.0005. Case 3: fine mesh (body grid:
45 × 47 × 11; wing grid: 47 × 79 × 27; background grid: 111 × 121 × 81) with a time step of
dt = 0.0005. Our results obviously show marginal discrepancy among the different cases.

C. One-torsional-spring-based feathering wing-hinge model

Wing rotation is accomplished by smaller muscles that directly apply a torque to the sclerites
connected to the wing hinge [42]. A specific correlation between the feathering angle (η) and the
pitch torque (Tη) can be observed in the features of the wing pitch, as reported using a negative
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FIG. 2. Verification of grid density effect on time courses of forces and torque over a stroke cycle of forward
flight at 0.9 m/s in three cases on the wing-body CFD model integrated with the flexible wing-hinge model.
(a) Horizontal force Fx; (b) vertical force Fz; (c) pitch torque Ty.

major axis and an elliptic curve [10]. Here, we model the wing pitch with a passive-driven torsional
spring [Fig. 3(a)] as

Tη = −kηη, (2)

where kη denotes the feathering-spring stiffness. Considering that significant wing deformation
in the chordwise direction dominates the passive wing pitch of hawkmoth, we determine the
feathering-spring stiffness incorporating the wing flexibility effects based on the experimental
measurements of the chordwise flexural stiffness of an insect’s wings [43]. Comes and Daniel
measured the chordwise flexural stiffness EI versus chord length cm in 16 insect species including
hawkmoth Manduca and reported a quantitative relation between the two terms as y = 2.01x−1.8
in a logarithmic scale [43]. Since the spring constant given by k = EI/Lref can be set as the
macroscopic torsional stiffness of the insect wing [24], we then calculate the feathering-spring
stiffness kη (Nm) by dividing the chordwise flexural stiffness EI (Nm2) with the reference length Lref

as mean chord length cm (m), such as kη = EI
Lref

= 10−1.8cm
2.01

Lref
. By substituting the morphological data

of the real hawkmoth in our study, cm = 18.6 × 10−3 m, we finally obtain the stiffness coefficient
kη = 2.83 × 10−4 Nm, which is also in reasonable agreement with the experimental measurements
of nine hawkmoth individuals within a predicted range of 1.34 × 10−4 ∼ 5.38 × 10−4 Nm [5,43].

FIG. 3. (a) Schematic view of a one-torsional-spring-based flexible wing hinge corresponding to the wing-
pitch motion [1]. (b) Time course of feathering angles in a stroke cycle from experimental observations [31]
(open circles) and the flexible wing-hinge model-based prediction (solid line). The measured feathering angles
at a forward flight speed of 2.1 m/s are grouped into the mean angles for the inner (red circle) and outer (blue
circle) functional wing sections [31].
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FIG. 4. Wing kinematics of a hawkmoth model with flexible (solid line) and rigid wing hinges (dashed
line) during (a) hovering flight and forward flight at (b) 0.9 m/s, (c) 2.1 m/s, (d) 2.9 m/s, (e) 3.8 m/s, and
(f) 5.0 m/s. Three angles are presented: positional angle ϕ (orange), elevation angle θ (blue), and feathering
angle η (green). Open circles represent the experimental observations [31] of feathering angles in a stroke
cycle during hovering and fast forward flight of the hawkmoth. Dashed lines represent the wing kinematics of
the rigid hawkmoth model of hovering and five forward flights, obtained computationally during the trimming
process based on a genetic algorithm embedded within a CFD-driven model [23]. Flow chart of the approach
to determine trimmed flights of the rigid model are illustrated and described in detail in Xue et al. [23].

Given the aim in the current study to investigate the flexible wing-hinge-driven aerodynamics
and energetics in comparison with those of our previous rigid wing-body model [23], the initial
feathering angles were prescribed the same as the trimmed wing kinematics of the rigid wing-body
model [23], then the feathering angles in the flexible wing-hinge model were determined based on
the interactions owing to the flapping-wing motion, the unsteady aerodynamics, and the inertial
forces and torques, which eventually converged to a stable situation in at least five stroke cycles.
The time course of feathering angles in a stroke cycle at a slow forward flight speed of 2.1 m/s
are depicted based on experimental observations in a wind tunnel [31] and the flexible model-based
results. The feathering angle based on the elastic wing-hinge model matches the measured wing
kinematics well [Fig. 3(b)]. An extensive comparison of the feathering angles (Fig. 4) among the
flexible and rigid models and the measurements is described in Sec. III A. The consistency between
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the flexible wing-hinge model-based prediction and the measurements is reasonable, showing some
differences of the mean values less than 2° in hovering, slow (0.9 and 2.1 m/s), and fast (5.0 m/s)
flights whereas there are relatively pronounced differences for 2.9 m/s (9°) and 3.8 m/s (6°). On
the other hand, we also see that the differences in the root-mean-square values of feathering angles
between the predictions and measurements at all flight velocities show a 35% reduction in the
flexible wing-hinge models (4.8°) rather than the rigid models (7.4°). This indicates that the flexible
model using elastic wing hinge can result in time-varying feathering angles closer to those of a real
hawkmoth in hovering, slow, and fast forward flights, which lends credence to the use of an elastic
wing hinge.

D. Modeling of external disturbances

In this study, the one-torsional-spring-based elastic wing-hinge model for mimicking the passive
wing-pitch motion is introduced into the flapping-wing dynamic model for free-flight insects with
prescribed positional and elevation angles. The interactions among the flapping-wing motion,
unsteady aerodynamics, and inertial forces and torques further determine and alter the feathering
angle. The governing equation for the flapping-wing dynamics is given as

(B2w − Cw )
dω0b

dt
− Mb2w = bMa + Mk − a2 − b2 + c, (3)

where ω0b denotes the angular velocity of the flapping wing, Mb2w is a variable representing the
torque between the thorax of the body and the flapping wings, bMa is the aerodynamic torque, and
Mk denotes the torque due to the torsional spring with respect to the wing hinge. Here, B2w, Cw, a2,
b2, and c are coefficients given by [10]

B2w = −mw[Rh]×[Rwg]× + Ew2bIwEb2w, (4)

Cw = −mw[Rh]×[Rh + Rwg]×, (5)

a2 = mw(Rh + Rwg) × (−bg), (6)

b2 = mwRh × [ω0b × (Ėw2bEb2wRwg)] + Ėw2bIwEb2wω0b + Ew2bIwĖb2wω0b, (7)

c = mw[Rh]×[ω0b]×(Ėw2bEb2wRwg) − mwRh × bg − Rh × bFa, (8)

in which × denotes the cross product of vectors or matrices, bg represents gravitational acceleration
in the body-fixed frame, and [·]× denotes the cross-product matrix defined as

[a]× =
⎡
⎣ 0 −a3 a2

a3 0 −a1

−a2 a1 0

⎤
⎦. (9)

Here, mw is the wing mass, Iw is the wing moment of inertia, Rh is the position of the wing hinge
with respect to the body’s center of mass (CoM), ω0b denotes the angular velocity of the flapping
wing, Ew2b is the coordinate transformation matrix from the wing-fixed frame to the body-fixed
frame, Eb2w is the coordinate transformation matrix from the body-fixed frame to the wing-fixed
frame, Rwg is the position of the wing’s CoM with respect to the wing hinge, and bFa denotes the
aerodynamic force. The relation between the three Euler angles and the angular velocity of the wing
can be written as

Esp2bEdEuler2sp

⎛
⎝ϕ̇

θ̇

η̇

⎞
⎠ = ω0b, (10)
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where Esp2b is the coordinate transformation matrix from the stroke plane frame to the body-fixed
frame and EdEuler2sp is the coordinate transformation matrix that transfers the time derivative of the
three angles to the stroke plane frame. With the initial positional ϕ, elevation θ , and feathering
angles η, the flapping-wing motion can be further determined based on the following equation:

Ė−1
dEuler2spE ′

sp2bω0b + E−1
dEuler2spE ′

sp2bω̇0b =
⎛
⎝ϕ̈

θ̈

η̈

⎞
⎠. (11)

Considering that flying insects are frequently affected by external disturbances, such as gusts of
wind or raindrops in nature, it is of great significance to investigate the insect’s external disturbance-
rejection ability in terms of aerodynamic performance and flight stability. We now develop a FSI
model to examine how the passive wing pitch alters the robustness of the hawkmoth’s forward
flight by applying a force impulse to the wing’s CoM at mid-downstroke within a period of 0.1T
and with a magnitude of 150mw, while keeping the insect body locked in a tethered flight mode.
The magnitude of the force impulse specified for hawkmoth forward flight is determined based on
external disturbance-rejection experiments relating to bumblebee hovering flight [10] using a force
impulse of 1500mw. Considering that there exists an O(101) magnitude difference between the
wing-to-body mass ratios of the hawkmoth and bumblebee, a force impulse of 150mw is sufficient
to induce an impactful dynamic response for the hawkmoth model with flexible wing hinges. The
flapping-wing dynamics under external disturbances can be further modeled on the basis of Eq. (3)
by adding perturbations such as

(B2w − Cw )
dω0b

dt
− Mb2w = bMa + Mk + Mp − a2 − b2 + c, (12)

where the perturbation term is added as the external torque Mp due to the force impulse acting on
the two wings. For instance, a vertical force impulse is applied on the wing’s CoM within a period
of 0.1T with a magnitude of 150mw, thus the instantaneous external force on a single wing in the
body-fixed frame can be written as

bFp = 150Eg2bmwgg, (13)

where mw is the wing mass, gg represents gravitational acceleration in the ground frame, and
Eg2b is the coordinate transformation matrix from the ground frame to the body-fixed frame. The
instantaneous external torque in the body-fixed frame of a single wing is defined as

Mp = (Rh + Rwg) × bFp, (14)

which is applied at time instant of tp lasting for a period of 0.1T, with the time integration in a
wing-beat stroke as

Mp,T =
∫ tp+0.1T

tp

(Rh + Rwg) × bFpdt . (15)

Here Rh is the position of the wing hinge with respect to the body’s CoM and Rwg is the position
of the wing’s CoM with respect to the wing hinge. The dynamic response of the flapping-wing
kinematics and the aerodynamic performance of vertical force production following different
perturbations can now be determined by integrating Eqs. (3)–(15).

III. RESULTS

A. Flexible wing-hinge-driven feathering motion

The wing kinematics of the feathering angle based on the elastic wing-hinge model are deter-
mined by the interactions among the flapping-wing motion, unsteady aerodynamics, and inertial
forces and torques. Thus, we first compare the flexible wing-hinge-driven feathering motion in
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various hovering and forward flight velocities with those of the rigid wing kinematics (Fig. 4). The
positional angles, elevation angles, and initial feathering angles of the flapping wings are prescribed
at all flight velocities based on the trimmed wing kinematics of the rigid wing-body model in
stable flight conditions [23]. This allows us to discuss the flexible wing-hinge-driven effects on
the aerodynamics in comparison with our previous study of a rigid wing-body model [23]. The
model-based predictions of flexible feathering angles tend to present lower mean values in hovering
flight and higher mean angles in fast forward flight compared to the rigid wing kinematics [Figs. 4(a)
and 4(f)]. We further examined the mean value differences of feathering angles between flexible
and rigid model-based feathering angles and the wind-tunnel measurements [31]. The consistency
between the flexible wing-hinge model-based results and the measurements are reasonable, showing
some differences of the mean values less than 2° in hovering, slow (0.9 and 2.1 m/s), and fast
(5.0 m/s) flights while relatively pronounced differences for 2.9 m/s (9°) and 3.8 m/s (6°). On the
other hand, we also see that the differences in the root-mean-square values of feathering angles
between the predictions and measurements at all flight velocities show a 35% reduction in the
flexible wing-hinge models (4.8°) rather than the rigid models (7.4°). This indicates that based
on the trimmed modeling, the flexible model-based feathering motions are in better agreement with
those of real hawkmoth flight in comparison with the rigid model [23].

There is a noticeable discrepancy between the down- and upstroke that the lower and flatter
feathering angles are observed in the flexible wing-hinge model rather than the rigid ones during
the downstroke, despite the consistent variations appearing in both the rigid and the flexible models
during the upstroke. According to the experimental observations of Willmott and Ellington [31],
the plateau in the downstroke feathering angle may be due in part to the longer duration of the
downstroke translational phase, especially for Manduca sexta. The discrepancy between the two
half-strokes is likely to result from the asymmetric resistance to pronatory and supinatory rotation,
which is inherent in insects’ wings [31,44]. The advanced wing rotation during supination at slow
forward flight speeds of 0.9 and 2.1 m/s obviously results in high angles of attack, which may
enhance the production of lift and drag forces during the downstroke. This advanced pitch motion
was also observed in the simulation-based study of hovering flight of dipteran [24]; the flexible
wing turned to twist immediately before the wing reversal, and thus is responsible for enhancing the
production of lift force [25] owing to the intense LEV coherently attached on the wing surface
[24]. Thus, the flexible wing-hinge-driven feathering motion in association with forward flight
can also generate the advanced pitch motion, hence producing more aerodynamic forces. Further
investigations on the underlying mechanisms of flexible wing hinges on the aerodynamics in various
forward flights are provided in Sec. III B.

B. Forward flight aerodynamics with flexible wing hinge

The unsteady aerodynamics associated with flexible wing-body interaction at various forward
flight velocities are now investigated in terms of the vertical force production. For comparison, the
near-field flow structures of two hawkmoth models with flexible and rigid wing hinges in slow and
fast forward flights are illustrated in Fig. 5.

The isosurface of the Q criterion [45] with Q = 1
2 (‖�‖2 − ‖S‖2) > 0 is employed to identify

the vortex structures, where S = 1
2 [∇u + (∇u)T ] and � = 1

2 [∇u − (∇u)T ] are the strain rate and
vorticity tensors, respectively, and u denotes the velocity vector. For illustration, the nondimensional
Q criterion in Fig. 5 is 0.2. The rotational directions of vorticity are illustrated via color mapping
by utilizing the normalized helicity density. The simulated flow patterns for hawkmoth forward
flight in terms of the wing-based leading-edge vortex in structure and location are consistent with
the experimental observations made by smoke trail [46] and digital particle image velocimetry
techniques [13]. Our simulations with flexible and rigid models thus clarify the attachment and
detachment nodes of the LEV-like structures above the thorax, as suggested in the experimental
study of the forward flight of a tethered hawkmoth by Bomphrey et al. [13]. However, there are
discrepancies in terms of the size and strength of the vortex structures between the flexible and rigid

063101-9



YUJING XUE, XUEFEI CAI, AND HAO LIU

FIG. 5. Wing kinematics and near-field flow structures of a hawkmoth model with flexible (solid line) and
rigid wing hinges (dashed line) in (a) slow forward flight of 0.9 m/s and (b) fast forward flight of 3.8 m/s.

models. The root vortex (RV) of the flexible model in the vicinity of the wing base between the
LEVs and the head vortex is apparently strengthened in slow and fast forward flights. This may be
attributable to the high angle of attack at mid-downstroke. Moreover, the BVs, including the thorax
vortex and the rear-body vortex, are larger in the flexible wing-hinge model, particularly at the fast
flight velocity [Fig. 5(b)]. The LEV and BV features indicate that the wing-body interaction due to
the flexible wing hinge may enhance the flapping aerodynamic performance.

The effects of the flexible wing hinge on aerodynamic performance in various forward flights
are now examined by investigating the correlations between the featured LEVs, BVs, and RVs
and the vertical force production. In Fig. 6, the time courses of vertical force are plotted and
compared between rigid and flexible wing-hinge models at flight speeds of 0.9 m/s (slow flight)
and 3.8 m/s (fast flight), along with the wing-surface pressure distributions and instantaneous
streamlines visualized at instants of vertical force peak in the first half-downstroke. The first vertical
force peak occurs early in the downstroke in both the slow and fast flight conditions, corresponding
with the conical downstroke LEV. Through comparisons between the rigid and flexible wing-hinge
models, a larger negative pressure area with lower pressure values appears on the wing surface of the
flexible wing-hinge model while showing greater magnitudes of absolute flow velocity at leading
edge in both slow and fast flights. This is the result of the enhanced downstroke leading-edge vortex
in the flexible model. Given the advanced wing rotation observed in the flexible model in the early
downstroke (Fig. 4), which leads to a larger angle of attack, a more intense LEV is observed on the
flexible model [5], resulting in a rapid increase and a single peak in the vertical force (Fig. 6).

A pronounced increase exists in the time-varying body-based vertical forces on the flexible model
at forward flight speeds of 0.9 and 3.8 m/s (Fig. 7): the greatly increased force peak is apparently a
result of the greatly enhanced BVs during the first half-downstroke together with the thorax vortex
(TXV) and rear-body vortex (RBV). In our study, the fortified finite-volume method-based Navier-
Stokes solver for incompressible flows with a dynamically moving multiblocked overset-grid system
is versatile and robust [5,36,38–41] capable to deal with the problem of wing-body interaction
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FIG. 6. Time course of vertical force and distributions of wing-surface pressures and instantaneous stream-
lines of a hawkmoth model with flexible and rigid wing hinges in (a) slow forward flight of 0.9 m/s and (b)
fast forward flight of 3.8 m/s at instants of force peak in the first half-downstroke.

FIG. 7. Time course of body-based vertical force and pressure distributions on the body surface of a
hawkmoth model with flexible and rigid wing hinges in (a) slow forward flight of 0.9 m/s and (b) fast forward
flight of 3.8 m/s at instants of force peak in the first half-downstroke.
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FIG. 8. Illustration of near-field vortex dynamics of a hawkmoth model with flexible (a) and rigid (b) wing
hinges at four instants [Fig. 6(b)]: t/T = 0.1 (A), 0.2 (B), 0.3 (C), and 0.4 (D) in fast forward flight of 3.8 m/s.

even when they touch upon each other, which is often observed in insect flight [31]. In this study,
there actually existed some limited portions in a wing-beat stroke when the wing touches the body,
resulting in an overlapping region between them. Our Navier-Stokes solver and wing-body model,
however, could successfully resolve the problem, achieving a stable numerical convergence and
computing the flow fields (velocity and pressure) reasonably [35]. Because some meshes on the wing
overlap with the body, the aerodynamic forces acting on the wing and body, which are integrated
throughout the surfaces of the two wings, and the body displays some noticeable variations in a
time-varying feature. Our results indicate that such phenomenon may happen in realistic insect
flights but hardly alter the aerodynamic force production leaving merely a slight variation in vertical
force.

We further examine the correlations between the vortex dynamics and the vertical force produc-
tion through visualization of the flow structures (Fig. 8) at four instants: t/T = 0.1 (A), 0.2 (B),
0.3 (C), and 0.4 (D) marked in Fig. 6(b) with the nondimensional Q criterion as 0.05. At the early
downstroke (t/T = 0.1), a horseshoe vortex appears comprising a trailing-edge vortex, a LEV, and
a tip vortex wrapping the flapping wing. A rear-body vortex then is observed at wing base, bridging
the LEVs of the paired flapping wings over the upper surface of the body, and further merging
with a head vortex (Fig. 8, A). Eventually a downstroke vortex tube ring (DVTR) is formed. As
the LEVs grow in strength and size at mid-downstroke (t/T = 0.1) (Fig. 8, B), the first wing-based
[Fig. 6(b)] and body-based force [Fig. 7(b)] both reach higher peaks in the flexible wing-hinge
model corresponding to more intense LEVs [Fig. 6(b)] and rear-body vortex [Fig. 7(b)] than the
rigid model. The rear-body vortex moves backward, splitting into two spiral vortex tubes attached
onto the aft of the body. In addition, an intense thorax vortex is observed at the thorax (Fig. 8, B),
connecting to the head vortex and the rear-body vortex and presents a fast grow in strength (Fig. 8,
C), resulting in the second body-based vertical force peak [Fig. 7(b)]. The stronger thorax vortex
on the flexible wing-hinge model during the late downstroke (t/T = 0.3, 0.4) (Fig. 8, C and D)
produces higher body-based vertical force [Fig. 7(b)] while the DVTR elongates with an inclination
from the horizontal direction at the late downstroke (t/T = 0.4) (Fig. 8, D). We then infer that
the wing-body interaction with the elastic wing hinge is likely to augment the aerodynamic force
production at all forward flight velocities.

The wing-body interaction due to the elastic wing hinge is further examined by investigating the
vorticity contours in the vicinity of the wing root. These are visualized on two cutting planes at a
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FIG. 9. Vortex topologies in the vicinity of the wing root for hawkmoth models with flexible and rigid wing
hinges in fast forward flight of 3.8 m/s. Vorticity contours are visualized on two cutting planes located at (a)
0.3cm (cutting plane 1) and (b) 0.6cm (cutting plane 2) away from the symmetry plane of the insect’s body.
Detailed topologies are illustrated in terms of the head vortex, leading-edge vortex (LEV), rear-body vortex
(RBV), and thorax vortex (TXV).

fast forward flight velocity of 3.8 m/s in Fig. 9. On cutting plane 1, the head vortex and thorax
vortex are attached coherently onto the body surface, while the RBV on the posterior of the body
has greater vorticity in the flexible model [Fig. 9(a)]. This corresponds to the enhanced body-based
vertical force peak shown in Fig. 7(b). On cutting plane 2, a RV along with the LEV and thorax
vortex is present reinforced on the flexible model [Fig. 9(b)]. Since the BV is proven attributed
to the strengthened LEV in the vicinity of the wing root in the chordwise direction [23], which is
consistent with the simultaneously strengthened vortical structures [Fig. 8(a)] as well as the wing-
and body-based vertical forces [Figs. 6(b) and 7(b)], the flexible wing hinge thus plays an important
role in enhancing the interplay between LEVs and the body vortex at fast forward flights.

To examine the velocity dependency in association with the effects of the flexible wing hinge
on the body-based vertical force, Fig. 10 shows the cycle-averaged body-based aerodynamic forces
with respect to the forward flight velocity. The flying body obviously produces a velocity-dependent
vertical force, showing a remarkable increase with increasing flight velocity of up to 14.5% of the

FIG. 10. Percentages of cycle-averaged body-based vertical forces with respect to the weight of the
hawkmoth against the forward flight velocity with rigid wing hinge (blue) and flexible wing hinge (green).
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FIG. 11. Time courses of body-mass-specific aerodynamic, inertial, and total mechanical powers during
(a) hovering and forward flight at (b) 0.9 m/s, (c) 2.1 m/s, (d) 2.9 m/s, (e) 3.8 m/s, and (f) 5.0 m/s.

hawkmoth’s weight at a fast forward flight speed of 5 m/s. Corresponding to the reinforced vortex
structures shown in Fig. 8, the flexible wing hinge enables additional aerodynamic force production
at all flight velocities, with a maximum increase of 6.5% compared with the rigid wing-hinge model
at the fastest flight speed (Fig. 10).

C. Forward flight energetics with flexible wing hinge

The energetics with a flexible wing hinge at various forward flight velocities are evaluated in
terms of power cost and efficiency. Figure 11 shows the inertial, aerodynamic, and total power
components in a wing-beat cycle in terms of body mass. The aerodynamic power Paero required to
overcome air drag remains positive throughout a complete wing beat, while the inertial power Piner

for accelerating or decelerating the wing takes both positive and negative values. The sum of the
aerodynamic and inertial powers is the total mechanical power Ptotal, which is negative during the
deceleration phase, mostly in the late down- and upstroke (Fig. 11), when less power is required to
overcome the inertial forces [35].

The negative works during both hovering and forward flight can be explained as an elastic-energy
storage mechanism within the flexible wing hinge. As a set of tiny, highly specialized synchronous
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FIG. 12. (a) Elastic-energy storage and (b) power efficiency of a flapping hawkmoth with flexible wing
hinge at various flight velocities.

muscles are directly inserted within the wing hinge, the flexible wing hinge can store excessive
inertial power during wing decelerating and recover this energy during wing acceleration [47]. The
negative portion is reported to constitute 11.5% of the total work for fruit flies, 9.4% for bumblebees,
and 12.9% for simulated hawkmoths during hovering flight [38]. Here, we estimate the negative
power (elastic storage) of the hawkmoth model with a flexible wing hinge at various forward
flight velocities. The correlations between the time-averaged, body-mass-specific elastic-energy
storage and the flight velocity are depicted in Fig. 12(a), in which the power curve is J shaped.
The minimum energy storage (4.7 W/kg) occurs during slow forward flight at 2.1 m/s, while high
elastic storage occurs during both hovering (6.2 W/kg) and fast forward flight (8.9 W/kg). The
elastic storage-based energy saving at various flight velocities drops within a range of 7%–10% of
the total power consumption. This is consistent with measurements of a fruit fly hovering (10%
energetic cost reduction [48]) and a flapping blowfly (6% of inertia power requirement based on the
wing deformation [49]). The power efficiency of the flapping hawkmoth with a flexible wing hinge,
defined as e = Fz/Ptotal, is plotted in Fig. 12(b) for various flight velocities. Here, the negative power
owing to elastic-energy storage is accounted for when estimating the time-averaged total mechanical
power consumption, resulting in a noticeably high (optimal) power efficiency at intermediate flight
velocities.

IV. DISCUSSION

A. Aerodynamic robustness

We now discuss the aerodynamic robustness of hawkmoth flight with a flexible wing hinge,
focusing on the feathering-spring stiffness dependency. The feathering-spring stiffness dependency
is investigated in terms of the feathering angle amplitude, vertical force production, power cost,
and efficiency over a broad range of forward flight velocities with five different stiffnesses of
k = [0.1, 0.3, 1, 3, 10]k0, where k0 is the realistic feathering-spring stiffness based on experimental
measurements [43].

As shown in Fig. 13(a), the feathering amplitude decreases with increasing feathering-spring
stiffness at all flight velocities, but decreases with increasing flight velocity; for example, under the
weak stiffness of k = [0.1, 0.3]k0, there is a maximum variation of 75° in fast flight at 3.8 m/s,
increasing to 136° at the low velocity of 0.9 m/s. This velocity-dependent variation in feathering
amplitude shrinks significantly with increasing feathering-spring stiffness, eventually showing al-
most no discrepancy at the largest stiffness of k = 10k0. This phenomenon of the feathering angle
having a smaller amplitude at fast flight velocities has been observed in the realistic wing kinematics
of hawkmoth flight at various forward velocities [31]. The feathering angle due to passive pitch
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FIG. 13. Feathering amplitude (a) and mean vertical force (b) versus feathering-spring stiffness at various
flight velocities (k = [0.1, 0.3, 1, 3, 10]k0).

rotation is dominated by the flapping aerodynamics [10], and slow flights including hovering are
more sensitive to the flexible wing hinge generating larger feathering angles (angles of attack) for
sufficient lift production, whereas lower feathering angles create sufficient lift forces in fast forward
flight. Moreover, the results indicate that adjusting the stiffness of the flexible wing hinge may
enable optimal flapping aerodynamic performance for various flight modes during hovering, slow,
and fast flight. For instance, as reported in [42,50], the flapping wing rotation can be directly related
to the bending stiffness of the flexible hinge when conducting a takeoff maneuver, resulting in
pronounced stiffness differences during the transition from hovering to slow flight and then to fast
forward flight.

The association between the vertical force and the feathering-spring stiffness is illustrated in
Fig. 13(b): the vertical force exhibits an upside-down V-shape curve, reaching a peak at the
measurement-based feathering hinge stiffness, k0, and achieving optimal aerodynamic force pro-
duction at all flight velocities. An extensive study has verified that large vertical forces can be
produced robustly in the vicinity of the realistic stiffness k0, with less than 0.1% variation when the
stiffness k varies in the range ±5% k0. The results indicate that the realistic hinge stiffness enables
optimal and robust aerodynamic performance associated with vertical force production.

Further investigation of the feathering-spring stiffness dependency is now undertaken in terms
of the power consumption and efficiency over a broad range of the stiffness and flight velocity.
As depicted in Fig. 14(a), the periodic-averaged total mechanical power is remarkably low at the
weak stiffness for all flight velocities. This may be ascribed to the large elastic-energy storage,

FIG. 14. Periodic-averaged total mechanical power (a) and power efficiency (b) versus feathering-spring
stiffness at various flight velocities.
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which diminishes the power cost through the highly flexible wing hinges. The power efficiency (e =
Fz/Ptotal) at various flight velocities [Fig. 14(b)] declines over a broad range of the feathering-spring
stiffness (from 0.3k0 to 10k0). Interestingly, the power efficiency shows a peak when the stiffness is
slightly lower than the realistic value (0.3k0 < k < k0), corresponding to the relatively high vertical
force [Fig. 13(b)] and low power cost [Fig. 14(a)] at all flight velocities. This phenomenon can
be attributed to an exceptional case with “very flexible” wing hinges (k = 0.1k0), in which the
aerodynamic performance has a negative periodic-averaged vertical force and abnormal power cost.
This leads to a noticeable chasm in power efficiency at 0.1k0 < k < 0.3k0, forcing the stiffness band
0.3k0 < k < k0 to be in the optimal range. Thus, the results demonstrate that the realistic wing-hinge
stiffness is capable of achieving optimal aerodynamic force production while obtaining high power
efficiency at various forward flight velocities.

B. External disturbance-rejection robustness

External disturbances from the natural environment, such as gusts of wind or raindrops, may
remarkably alter the aerodynamic performance and flight stability of flying insects. Here, we
investigate the external disturbance-rejection robustness of a hawkmoth’s forward flight with the
flexible wing hinge at various flight velocities. The FSI model [Eqs. (3)–(15)] is used to examine
the features of external disturbance rejection under a specific perturbation, i.e., a force impulse
on the wing’s CoM at mid-downstroke within a period of 0.1T with a magnitude of 150mw.
Considering that the body flight dynamics is forced by the periodic aerodynamic loads due to the
wing-flapping oscillations [51], the dynamic response of the flapping wing with flexible feathering
hinge immediately after the external perturbations can be influenced interactively by the rotational
and translational motions of the body at different forward flight speeds. In this study we keep
the hawkmoth’s body locked to focus on the external disturbance-rejection robustness of the
flexible wing hinge without consideration of the body vibration effects in all flight velocities.
Further investigation on the vibrational stabilization mechanism in hawkmoth forward flight with
flexible wing hinges will be explored in our future research. The flapping-wing dynamics under the
impulse perturbation are expressed in Eq. (12) through the perturbation term, Mp. The timing of
the force-impulse action in a wing-beat stroke is chosen at the mid-downstroke to achieve larger
external perturbation torque, which has been examined additionally to barely affect the external
disturbance-rejection robustness of the hawkmoth model. Therefore, the perturbation effects on
vertical force production can be evaluated in terms of the normalized instantaneous vertical force
[10], as defined by

Cz,e(t ) = 1

T Fz

∫ t+0.5T

t−0.5T
Fz,e dt, (16)

where Fz is the cycle-averaged vertical force without perturbations and Fz,e denotes the instantaneous
vertical force after the perturbation. The dynamic response in terms of the vertical forces under
vertical and horizontal perturbations are illustrated in Fig. 15 for various forward flight velocities.

As depicted in Fig. 15(a), the flapping wings with a flexible feathering hinge are perturbed under
a vertical force impulse at the mid-downstroke of the third stroke cycle. At all flight velocities, the
normalized instantaneous vertical force shows an immediate response to the perturbation, with a
rapid drop at the end of the downstroke to approximately 82%−92% of the initial magnitude but
achieving a quick recovery before the next wing beat starts. It takes less than two wing beats to
restore the original and stable vertical force production. The dynamic response in terms of the wing
kinematics due to the passive pitch rotation are further examined by investigating the time-varying
feathering angles, which are plotted in Fig. 16. The feathering angles displays a shrink in amplitude
right after the vertical perturbation for all flight velocities, with some pronounced variations in high
angles of attack, which are responsible for enhancing the vertical force production against the large
downward force impulse.
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FIG. 15. Dynamic response of hawkmoth forward flight with flexible feathering hinge under force-impulse
perturbation at various flight velocities. (a) Vertical perturbation. (b) Horizontal perturbation. The force impulse
acts on the wing at mid-downstroke within a period of 0.1T; the vertical force is normalized by the cycle-
averaged vertical force without perturbations.

The dynamic response of flapping wings under a horizontal force impulse was also investigated.
As shown in Fig. 15(b), the vertical forces rise by up to 14% immediately after the horizontal
perturbation but recover in less than two wing beats to the original state at all flight velocities. The
dynamic response of the wing kinematics shows a pronounced discrepancy in the feathering angle
variations (Fig. 17) compared with the case of a vertical impulse (Fig. 16). This is manifested as a
slight increase in the feathering amplitude at lower angles of attack, which can be inferred to reduce
the fluid drag against the backward impulse.

There is also a noticeable discrepancy in the perturbation-induced dynamic response feature
(Figs. 15–17) among the different forward flight velocities. The external disturbance rejection at a
forward velocity of 2.9 m/s apparently outperforms the others in terms of the fluctuations in vertical
force and restoration time. The impulse-induced fluctuation in the normalized instantaneous vertical
force Cz,e is less than 5% of the cycle-averaged vertical force without perturbations, Fz (Fig. 15).
This indicates that the external disturbance-rejection robustness is enhanced at intermediate forward
flight velocities.

Based on our analysis and discussion of the effects of feathering-spring stiffness on flapping
aerodynamic robustness at several flight velocities (Figs. 13 and 14), we found that while the wing-
hinge stiffness plays a crucial role in altering the feathering amplitude, vertical force, power, and
efficiency in all flight velocities, the realistic one is capable of achieving optimal aerodynamic force
production while obtaining high power efficiency. Therefore, in this study to focus on the external
disturbance-rejection robustness, we did not carry out an extensive study on the effects of feathering-
spring stiffness on external disturbance-rejection robustness at several flight velocities, which will
be discussed in our future research.

In summary, at various forward flight velocities, the hawkmoth model with flexible wing hinge
demonstrates a remarkable external disturbance-rejection robustness to both vertical and horizontal
perturbations. The flexible wing-hinge dynamic model with realistic feathering-spring stiffness
enables a full recovery in aerodynamic force and wing kinematics within one to two wing beats,
achieving stable and robust forward flight under various external disturbances.
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FIG. 16. Feathering angle variation under a vertical force-impulse perturbation at various flight velocities.
(a) 0.9 m/s; (b) 2.1 m/s; (c) 2.9 m/s; (d) 3.8 m/s. Gray lines represent the duration of the impulse action.

FIG. 17. Feathering angle variation under a horizontal force-impulse perturbation at various flight veloci-
ties. (a) 0.9 m/s; (b) 2.1 m/s; (c) 2.9 m/s; (d) 3.8 m/s. Gray lines represent the duration of the impulse action.

063101-19



YUJING XUE, XUEFEI CAI, AND HAO LIU

V. CONCLUDING REMARKS

This work addresses a simulation-based study of the aerodynamics and flight stability of the
hawkmoth, Manduca sexta, with flexible wing hinge over a broad range of forward flight velocities.
A FSI model that couples one-torsional-spring-based elastic wing-hinge dynamics and flapping
aerodynamics has been utilized to explore the flow structures, aerodynamic force production, and
power consumption associated with the flexible wing hinge at various flight velocities.

We have verified that the flexible wing hinge is capable of strengthening the LEV and BV, as
well as their inherent interactions, and is hence responsible for augmenting the aerodynamic force
production at all flight velocities, particularly by up to 6.5% of vertical force at fast flight speeds.
The elastic-energy storage exhibits a J-shaped curve with increasing flight velocity, achieving
remarkable energy-saving and high power efficiency at intermediate forward flight velocities. In
addition, the flapping aerodynamic robustness was examined in terms of the feathering-spring
stiffness dependency at five different stiffnesses over two orders of magnitude, indicating that the
flexible wing-hinge-induced passive pitch rotation is robust at all flight velocities, while the real-
istic wing-hinge stiffness enables optimal aerodynamic force production and achieves high power
efficiency. The realistic feathering-spring stiffness further shows remarkable external disturbance-
rejection robustness when subjected to vertical and horizontal perturbations, enabling rapid and
robust recovery in aerodynamic force production within ont to two wing beats under various external
disturbances.

Our study highlights the importance and significance of the flexible wing hinge in biomimetic
designs for flapping micro aerial vehicles. The natural solution of hinge stiffness can serve as an
engineering alternative to achieve optimal aerodynamic and stability performance for flapping micro
aerial vehicles. This study has only focused on passive feathering with a one-torsional-spring-based
elastic wing hinge, leaving more comprehensive analysis on the combination of an active stroke with
a passive wing pitch and deviation using a three-torsional-spring-based elastic wing-hinge model for
future research.
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