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Abstract
Natural and artificial flapping wing flyers generally do not exhibit chaos or aperiodic dynamic modes, though several experimental and 
numerical studies with canonical models of flapping foils have reported inevitable chaotic transition at high ranges of dynamic plunge 
velocity (κh). Here we considered the idealized case of a pitching–plunging flapping foil and numerically investigated the effects of passive 
pitching dynamics on the fluid forces and dynamical states, and compared it with a fully actuated wing. We found that in comparison to 
fully actuated foils, aperiodic transition can be avoided even for high κh when passive oscillations are allowed. Passive pitching 
modulated the relative foil orientation with respect to the incoming free stream to maintain a lower effective angle-of-attack 
throughout the stroke and reduced the leading-edge-vortex (LEV) strength. Absence of aperiodic triggers such as flow separation and 
strong LEVs keep the wake periodic, and chaotic transition is averted. In the presence of fluctuating inflow conditions, passive 
pitching attenuated the fluid loads experienced by the airfoil thus improving the wing’s gust mitigating potential. These findings 
highlight the favorable properties of passive dynamics in regularizing aerodynamic loads on flapping wing systems and presents 
viable solutions for artificial flying platforms.
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Significance

Aperiodic transition in the flow-field past a flapping foil can be significantly delayed/inhibited by exploiting passive pitch dynamics 
even at high amplitude–frequency kinematic ranges where aperiodic transition is otherwise certain for flapping foils with fully active 
actuation. This is due to the passive modulation of wing pitch that maintains a low effective AoA and results in the attenuation of 
leading-edge-vortex (LEV). The favorable effects of passive pitch dynamics decrease with increasing stiffness of the wing hinge and 
downstream movement of the pitch axis from the leading-edge resulting in increased likelihood for transition to aperiodicity. 
When subjected to unsteady inflow conditions, passive pitching also confers better gust mitigating ability because the pitch profile 
adjusts to the local inflow.
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Introduction
The propulsion systems in most flying and swimming animals 
(birds, fish, and invertebrates) and bio-inspired platforms (micro 
air vehicles and unmanned underwater vehicles) employ periodic 
wing/fin motions that are expected to generate regular periodic flu
id loads that aid in locomotion. Control strategies and controllers 
that facilitate modulation of forces to enable maneuvering also as
sume the same. Lately, research efforts that aim to unravel aero/ 
hydro-dynamic “secrets” of bio-mimetic flights have overwhelm
ingly reported chaos at certain parametric regimes (1–11–12). 
Aero(hydro)dynamic load generation in these regimes is inherently 
dictated by flow separation and unsteady vortices in the near-field. 
Note that most of these studies use fully actuated harmonic flap
ping. Quasi-periodic route to chaos in the flow-field and loads was 

reported in Refs. (1, 5, 9, 10, 12, 13). Chaotic transition through an 
intermittency (sporadic intermittent burst of chaotic windows 
interspersed by periodic/quasi-periodic states) route was also re
ported in Refs. (2, 4). Within these regimes, despite the harmonic 

motion of the flapping foil, lift and thrust became aperiodic or fully 
chaotic at high amplitude-high frequency kinematics (2, 4, 5, 9), 
which goes against the common reasoning for load generation by 

flapping wings.
Some studies have also analyzed various nuances of the flow- 

field during aperiodic/chaotic transitions in the wake of flapping 
foils. Small time-delay in the formation and growth of the primary 
leading-edge-vortex (LEV) in successive cycles were reported to be 
the very first trigger for aperiodicity (2, 5, 9). Subsequently, their 

irregular interactions with other prominent vortices in the 
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near-field were seen to initiate aperiodicity in the near-field. 
Spontaneous formation and disappearance of multiple vortices 
through a variety of fundamental interaction mechanisms (mer
ging, shredding, and exchange of vortices among neighboring 
couples) and their abrupt movements were instrumental in 
sustaining aperiodicity in the far-field. Aperiodic transitions can 
be so sensitive to the growth and transport of the LEV that even 
small discrepancies in the process may lead to an entirely differ
ent dynamical state (9). Thus, LEV was identified as the most sig
nificant vortex structure to govern the dynamical characteristics 
of the flow-field and the loads.

Aperiodic regimes are not desirable for flight platforms as they 
lead to unpredictability in the long-term behavior of the fluid 
forces (1, 5). The important question here is what possible mech
anisms could be offered by the system to prevent transition to 
aperiodicity/chaos, while such transition seems unavoidable 
due to the complex interactions of the flow-field vortices at certain 
kinematic regimes. We conjecture that one of the likely mecha
nisms is the favorable effects of the passive movements of the 
wing/fin, and the present study will test the merit of this conjec
ture. Passive dynamics could play an important role in tuning 
the oscillation profile and influencing the dynamics significantly. 
In the context of thrust generation, Bøckmann and Steen (14) re
ported the adjustment of phase-offset values to optimal ranges 
of load production in a flapping airfoil, with the help of passive os
cillations. Marais et al. (15), Shinde and Arakeri (16), and Shah 
et al. (17) demonstrated the capability of passive pitching of 
chordwise flexible foils in inhibiting symmetry breaking and 
jet-switching phenomena of the trailing-wake. These studies 
underline the importance of passive oscillations in controlling 
the flow-field as well as the loads. Although it has been known 
that the inherent flexibility possessed by the wings/fins is exploited 
by the bio-propulsion systems to optimize their performance 
(18–20), a direct link between passive wing pitch oscillations and 
dynamical behavior of the flapping/oscillating system, especially 
at high amplitude–frequency ranges, has not been established. 
Recent studies have also reported the dominant role of passive 
pitching in controlling the wing kinematics in insects (21,22–23).

Passive oscillations in a flapping wing result from the combined ef
fect of fluid dynamic, elastic restoring, and wing inertial forces. 
Understanding the nonlinear dynamical behavior and the transitions 
between various flow regimes is important for deciding the range of 
kinematic control parameters for optimal performance. Within this 
context, the flow-field mechanism and the underlying physics that 
are played at the near-field to prevent the transition to aperiodicity 
need clarity. Recently, Majumdar et al. (10) investigated an extensive 
set of wing kinematic and profile parameters, and observed that two 
key factors—the speed of the leading-edge movement and the relative 
orientation with which it interacts with the incoming flow—funda
mentally govern the evolution of the primary LEV, and in turn, dictate 
the dynamical transitions between the flow regimes. The two-way flu
id–structure interaction (FSI) effects associated with passive oscilla
tions can potentially alter the LEV separation behavior and modify 
the dynamical transitions significantly—this hypothesis will be exam
ined here by systematically examining the effect of passive oscillations 
on wing kinematics, and in turn, on the two above-mentioned quan
tities. We will also study the mechanism of recovery from aperiodicity 
and the adjustment of the foil motion to fluctuating oncoming flows.

Methodology and numerical details
Numerical simulations were performed considering a generic 
two-dimensional model of an actively plunging–passively pitching 

(AP–PP) foil that is representative of a flapping or oscillating wing. 
The performance and unsteady flow-fields around the actively 
plunged but passively pitching foil were compared with that of a 
foil of the same geometry but performing fully active plunging– 
active pitching (AP–AP) motion, while maintaining the same oscilla
tion amplitude and frequencies. All simulations were performed us
ing an immersed boundary method (IBM)-based in-house coupled FSI 
solver, at different kinematic parametric situations at a low Reynolds 
number of Re = 300 (Re = U∞c/ν, with c, U∞, and ν being the chord 
length, free stream velocity, and kinematic viscosity, respectively).

AP–PP
A harmonic plunging actuation was provided at the leading-edge 
of a rigid elliptic shaped foil of thickness to chord ratio, th/c = 0.12. 
The plunge motion was given by

yp(t) = h0 cos (2πfet), (1) 

where yp denotes the position of leading-edge along the y-axis; h0 

and fe are the plunging amplitude and frequency, respectively; t 
indicates time. In addition to plunge actuation, the foil was al
lowed to freely oscillate along the pitch degree of freedom (DOF) 
with the leading-edge being the pivot point, see Fig. 1A for a sche
matic representation.

The generalized equation of motion for the passive pitching is 
as follows:

Ipθ̈ + Cθ̇ − K θ − βθ3( 􏼁
= −m xp − xo

( 􏼁
ÿp cos θ

+ xp − xo
( 􏼁

L cos θ − D sin θ
( 􏼁

,
(2) 

where θ indicates the instantaneous pitching rotation, defined 
clockwise positive; m is the mass and Ip denotes the moment of in

ertia about the pivot point; C indicates structural damping coeffi
cient. In order to account for the structural nonlinearities arising 
due to large pitch deflection, the torsional spring at the 
leading-edge was assumed to have cubic non-linearity; K and βK 
are the coefficient of linear and cubic stiffness terms, respectively. 
The stiffness model used here was motivated from the “click” 
mechanism of a Dipteran flight motor system (24). In Eq. 2, 
xp and xo are the location of pivot point and center of mass, re

spectively, measured from the leading-edge along the chord 
line. L and D are the lift and drag forces defined positive in direc
tion of positive x and y axes, respectively.

Equations 1 and 2 are non-dimensionalised considering c and U∞ 

as the reference length and velocity scales, respectively, as follows:

y̅p = h cos (κ̅t),

θ ′′ + C̅θ ′ − 2π f̅ N

􏼐 􏼑2
θ − βθ3( 􏼁

= −
16 x̅p − x̅o
( 􏼁

1 + th/c
( 􏼁2+16 x̅p − x̅o

( 􏼁2 × y̅′′p cos θ

(3) 

+
32
π

×
x̅p − x̅o
( 􏼁

CL cos θ + CD sin θ
􏼈 􏼉

(ρs/ρf ) × (th/c) × 1 + th/c
( 􏼁2+16 x̅p − x̅o

( 􏼁2
􏽨 􏽩 . (4) 

Here, y̅p = yp/c, h = h0/c, κ = 2πfec/U∞, t̅ = tU∞/c, C̅ = Cc/IpU∞, 

2π f̅ N =
�����
K/Ip

􏽰
(c/U∞), x̅p = xp/c, and x̅0 = x0/c. The aerodynamic 

load coefficients, CL = L/(1/2)ρf U
2
∞c and CD = D/(1/2)ρf U

2
∞c, were 

computed at each time-step using the in-house flow solver (9) 
and then supplied to the structural solver to estimate the position 
of the foil in the next time-step. The structural and flow solvers ex
change information in an explicit manner to simulate the coupled 
FSI dynamics, and a similar approach has been used in Ref. (25). 
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The pitch response is computed by numerically integrating Eq. 4 us
ing the fourth-order Runge–Kutta method, with initial conditions as 

θ = 0 and θ′ = 0 at t̅ = 0. The present study focuses on very light 
weight wing configuration, and therefore, the solid to fluid density 
ratio, ρs/ρf , was set to unity. The structural damping was assumed 

to be zero. The ratio of the coefficients of cubic and linear stiffness 
terms, β, was taken to be of high value (β = 16.0) to ensure compar
able contribution from the linear and cubic terms in Eq. 4. As a re
sult, during the pitch oscillation, the linear stiffness dominated 
approximately for θ < 15◦, and the cubic stiffness beyond that. 
The non-dimensional parameter values are summarized in 
Table 1. Hereafter the over-bar sign ( ̅ ) will be dropped from the 
symbols representing the non-dimensional parameters for the 
sake of typographical ease.

AP–AP
Under fully active situation (Fig. 1B), although the foil is allowed to 
oscillate in both plunge and pitch simultaneously, it is not free to 
oscillate passively, instead it is made to follow a set of pre-defined 
kinematics given by

yp = h cos (κt) (5) 

and θ = θm + θ0 cos (κt + ϕ), (6) 

where θm and θ0 are the mean pitch angle and the amplitude of 
pitch oscillation, respectively; θm is taken as 0◦ in this study; ϕ in
dicates the phase-offset between the plunge and pitch motions. 
The plunge kinematics, location of the pitching pivot, and the fre
quency of flapping have been kept exactly the same as the AP–PP 
configuration. For pitching, a cosine function (Eq. 6) was assumed 
with the amplitude and phase-offset values taken from the out
come of the AP–PP simulations at respective κh values. This 
equivalence is maintained to enable a suitable comparison be
tween the AP–PP and AP–AP cases.

Flow solver
A discrete forcing IBM-based in-house Navier–Stokes (N–S) solver 
(9) was employed to perform the flow simulations. In the chosen 
low Re regime, the flow-field around the flapping foil was assumed 
to be governed by the 2D incompressible N–S equations. The flow 
equations (Eqs. 7 and 8) were solved on a background Eulerian 

grid. Whereas, a set of Lagrangian markers were used to track 
the solid body location at every time-step, based on the solution 
of the structural solver. The presence of the flapping foil im
mersed inside the fluid was accounted by including a momentum 
forcing term, f, to the momentum conservation equation (26). In 
the IBM framework, f reconstructs the velocity values at the grid 
nodes inside the solid domain to satisfy the no-slip-no penetration 
boundary condition exactly on the solid boundary. A source/sink 
term, q, was added to the continuity equation to ensure mass con
servation across the immersed boundary in a rigorous manner 
(26, 27). In the framework of discrete forcing IBM, the flow govern
ing equations in the non-dimensional form are given by

∂u
∂t

+ ∇·(uu) = −∇p +
1

Re
∇2u + f, (7) 

∇·u − q = 0, (8) 

where u is non-dimensional flow velocity, and p denotes non- 
dimensional pressure. For more details, please refer to Refs. 
(9, 28, 29). Description of the computational domain, boundary 
conditions, grid size, and time-step size have been discussed in 
Section 1 of the supplementary material. Convergence and valid
ation results in the context of the current problem are also pre
sented in the supplementary material so as not to disturb the 
flow of reading here.

Dynamical behavior of AP–PP and AP–AP 
systems
It is well known from related literature that maximum non- 
dimensional plunge velocity, κh, is the key parameter to dictate 
the flow-field and its qualitative changes (1, 2, 5, 30, 31). The per
formance, dynamics, and the flow-field around the AP–PP foil 
were investigated considering κh as the bifurcation parameter 
here. We also evaluated the roles of the wing root stiffness (torsion
al spring stiffness) and the pitching pivot location on the dynamical 
behavior. Results for three typical κh values, κh = 1.0, 2.0, and 3.0, 
will be discussed here, for a fixed κ of 4.0. Since the near-field behav
ior is directly reflected on the aerodynamic loads, the dynamical 
signatures were analyzed in terms of the CL − CD phase portraits. 
The temporal values were normalized with the non-dimensional 
flapping period, T( = 2π/κ), for the sake of presentation.

No aperiodic transition for the AP–PP 
configuration
The aerodynamic loads (for AP–PP foil) exhibited periodic signa
ture across the range of κh. The evolution of CL − CD trajectory re
peated itself exactly in different flapping cycles, thus forming a 

Fig. 1. Schematic diagram depicting the flapping motion for A) AP–PP and B) AP–AP foils.

Table 1. Structural parameters.

th/c x̅o x̅p C̅ ρs/ρf κ κ/2π f̅ N β

0.12 0.5 0 0 1.0 4.0 0.75 16.0
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perfect close-loop orbit on the phase portrait; see Fig. 2A–C. This is 
a strong characteristic of periodic dynamics and it establishes 
periodicity at κh as high as 3.0. In comparison, it exhibited a 
“quasi-periodic like” toroidal loop at high κh (Fig. 2F) for the 
equivalent AP–AP foil, although periodicity was retained at κh = 
1.0 and 2.0 (Fig. 2D and E). At κh = 3, the trajectory was not perfect
ly repeatable, though the state variables stayed within its close 
neighborhood, forming a thick banded toroidal shaped portrait 
(Fig. 2F) indicating lack of periodicity. Please also refer to the 
supplementary Figs. S5–S8 (also Videos SV1 and SV2), for a com
parison of the dynamical signatures.

For actuated plunging, several studies (1, 2, 9, 13) reported the 
chaotic onset to occur around κh = 1.9. Majumdar et al. (9), for a 
plunging configuration, reported quasi-periodicity around κh = 
1.65 and chaos at κh = 1.9. For actuated pitching–plunging, Bose 
et al. (4) also reported a similar κh range: a quasi-periodic flow-field 
at κh = 1.6, appearance of intermittency at κh = 1.66, and sustained 
chaos at κh = 2.5; note that the reporting of Bose et al. (4) was for 
zero phase difference between pitch and plunge motions, a non- 
zero phase-gap would have changed these onsets (10). On the other 
hand, as seen in the present results, aperiodic transition is com
pletely absent (or delayed) due to passive pitch dynamics even at 
κh as high as κh = 3.0; see Fig. 2A–C and supplementary Video SV1.

Passive pitching was also seen to play a constructive role in aero
dynamic load generation. At κh = 3.0, CL took maximum and min
imum values as Cmax

L = 18.95 and Cmin
L = −28.6 for the AP–AP foil 

(Fig. 2F) in a typical flapping cycle, resulting in net negative lift. 
Although these values were lower for the AP–PP foil (Cmax

L = 13.56 
and Cmin

L = −13.49; see Fig. 2C), it shows the net lift to be weakly posi
tive. Moreover, at lower κh = 1.0, where both the AP–AP and AP–PP 
foils generated lift symmetrically, AP–PP (Cmax

L = 2.7; see Fig. 2A) pro
duced approximately 19% higher lift compared to the corresponding 
AP–AP (Cmax

L = 2.27; see Fig. 2D) case.
It is known that aperiodic growth of strong LEVs and the subse

quent vortex interactions are responsible for triggering aperiod
icity/chaos in the flow-field (2, 5, 9). Present results revealed that 
these flow features, such as the LEVs, were either absent or very 
weak/attached to the body (no separation) for the AP–PP foil; see 
Fig. 2A–C. Even when the foil completed one stroke and started 
to commence the next, flow separation was conspicuously absent 
for all three κh, and no LEV shedding took place. Although weak 
LEVs were seen at high κh = 3.0 (see Fig. 2C), they remained at
tached to the body and could not undergo any interactions with 
the trailing-edge vortex (TEV). Hence, there were no obvious aperi
odic agencies (such as aperiodic growth of LEVs and LEV–TEV in
teractions) present in the flow-field. A comparison of the 
flow-field between the AP–PP and AP–AP cases established this 
[near-fields looked very similar for κh = 1.0 and 2.0 (Fig. 2), differ
ences were noticeable for κh = 3.0 (Fig. 2C and F)]. The primary 
LEV for the AP–AP foil was also stronger (the circulation values 
should be noted in the figure), which approached the regime of 
aperiodicity (10). Furthermore, the shedding of a secondary vortex 
along with the main TEV contributed towards the loss of period
icity and influenced the aerodynamic loads; see supplementary 
Video SV2. This shows that the delay/inhibition of aperiodic tran
sition can be attributed to the absence of separation of strong 
LEVs.

Passive motion optimally tunes the 
kinematics to delay aperiodic transition
The kinematics of passive pitch caused differences in the flow 
features between the active and the passive cases. The time 

evolution of the actuated plunge and passive pitch motions 
have been shown in Fig. 3. The amplitude of pitch increases 
with an increase in κh (θ0 = 25.57◦, 35.11◦ and 41.22◦ for κh = 1.0, 
2.0, and 3.0, respectively), with pitch frequency being the same 
to that of plunge actuation. Clear phase-offsets between plunge 
and pitch motions were visible (Fig. 3), and the values increased 
with κh; ϕ = 0.94, 1.33, and 1.45 for κh = 1.0, 2.0 and 3.0, 
respectively. In the generic study of Majumdar et al. (10), consid
ering a wide range of parameters for an actuated system, a signifi
cant delay in the aperiodic onset was reported in the range of 
π/4 ≤ ϕ ≤ 3π/4. As given above, the phase-offsets for the current 
AP–PP foil fall within this range.

It is interesting to note that passive pitch is able to tune ϕ within 
the “safe” range of periodicity. Within this range, the leading-edge 
motion leads the trailing-edge, and helps the foil “slice through” 
the incoming free stream flow (see supplementary Video SV1 for 
a visualization of this gait) and maintain low effective 
angle-of-attack (AoA); see Fig. 4A. The effective AoA (αeff ), which 
is a measure of the relative orientation of the foil with respect to 
the incoming flow, can be estimated as (10)

αeff (t) = θ(t) − tan−1 1
U∞

ẏp(t) −
c
2

− x0

􏼐 􏼑
θ̇(t) cos θ(t)

( 􏼁􏽮 􏽯􏼔 􏼕

. (9) 

αeff has been evaluated with respect to the average downwash vel
ocity induced by the entire chord, instead of downwash at any 
specific chord location. Derivation of Eq. 9 can be found in (10). 
In Fig. 4A, the maximum effective AoA (αmax

eff ) remained within a 

moderate level of 35◦ even at high κh values for AP–PP. As a result, 
there were no major separation, and no obvious mechanism of 
aperiodicity in the near-field (Fig. 2A–C). For the equivalent 
AP–AP foil (Fig. 4B), αmax

eff took a much higher value, approximately 

αmax
eff = 50.33◦, at κh = 3.0. Note that αmax

eff can take values as high as 

77◦ even at κh = 1.9 at different ranges of ϕ for a fully actuated 
foil (10).

The difference in the dynamical behavior between the passive 
and the fully active systems can be justified by their respective 
pitch patterns as well; see Fig. 5 for a one-to-one comparison. 
The time history of θ and (θ − θ̇) phase portrait of AP–PP nominally 
resembled the sinusoidal patterns of the AP–AP at lower κh values, 
however, noticeable discrepancy was visible for κh = 3.0. 
Especially the θ̇ evolution looked quite different for κh = 3.0. This 
explains the significant difference in the αmax

eff values between 
the two cases (Fig. 4), as can be justified by Eq. 9. Thus, intrinsic 
modification in the pitch pattern helps the passive case to main
tain a lower effective AoA, which helps preventing aperiodic tran
sitions, even though the main kinematic indicators are the same 
for both AP–PP and AP–AP cases. The passive pitch can influence 
the foil’s motion by two aspects. First, it takes the ϕ to the range 
of delayed aperiodic transition. Even though the aperiodic transi
tion could be delayed in this regime, it is not entirely inhibited and 
may manifest for a pure sinusoidal kinematics at high κh (as hap
pens for the current AP–AP case). Additionally, passive pitch 
adjusts the pitching pattern to avert aperiodic transition in com
parison to a fully active case.

Effect of variation in hinge stiffness
The torsional spring stiffness representing the wing root stiffness 
could be important in modulating the pitch movement of the pas
sive system, in turn influencing the dynamical characteristics of 
the flow-field and loads. The stiffness of the torsional spring was 
varied systematically for this analysis by changing the value of 
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K in Eq. 2, which reflects proportionately on the non-dimensional 
term 2πfN. The simulations were performed for κ/2πfN = 0.5, 0.75, 
1.0, and 1.25 (κ = 4), representing an increase in flexibility. The im
pact of the stiffness variation was analyzed for κh = 3.0, which is 
susceptible to aperiodicity. At lower flexibility (when the behavior 
of the AP–PP foil is close to a rigid system), the load coefficients 
show deviation from periodicity (Fig. 6A). With increase in flexibil
ity, the enhancement in the degree of free pitch takes the system 
back to periodicity (Fig. 6B and C). Stronger ability for passive 
movement enhances the foil’s capability to regularize itself with 
respect to the incoming flow, leading to attached and periodic 
flow-field. Note that periodic dynamics at higher flexibility does 
come at the cost of a reduction in load amplitudes, posing design 
challenges to balance the trade-off between the two.

Role of pivot location
Another crucial parameter that can influence the pitch dynamics 
of the passive system is the pivot location, which in turn can play a 
key role in controlling the dynamical behavior of the flow-field 
and loads. To evaluate the role of pivot location, we gradually 
moved the pivot location posteriorly from leading-edge such 
that xp = 0.0, 0.25, 0.50, 0.75, and 1.0 while the center of mass re
mained fixed at xo = 0.5. The effect of the pivot location was stud
ied for κh = 3.0 which was susceptible to aperiodic transition for 
the AP–AP situation. As the pivot location was varied gradually 

from the leading-edge towards trailing-edge, passive pitching 
was seen to have an adverse effect. When pivot was at the 
leading-edge (xp = 0.0), passive pitch modulated the foil’s motion 
in such a way that the leading-edge led the trailing-edge and 
helped the foil to slice through the incoming flow maintaining a 
low effective AoA, and thus contributed towards delaying the 
aperiodic/chaotic transition. The corresponding CL–CD phase por
trait displayed the perfect periodic signature (Figs. 2C, 6B, and 7A). 
On the contrary, as the pivot moved away from the leading-edge, 
the effective AoA increased and stronger LEVs were separated 
from the foil. As a result, the system displayed aperiodic signature 
(quasi-periodicity for xp = 0.25 and chaos for xp = 0.5, 0.75 and 1.0; 
see Fig. 7B–E). This effect became the most prominent, when the 
pivot was at the trailing-edge; in this case the leading-edge lagged 
the trailing-edge, and as a result, the flapping foil created a signifi
cantly high effective AoA, resulting in the formation and separ
ation of strong LEVs that triggered chaos. Overall, the ability of 
passive pitching to delay aperiodic/chaotic transition was highest 
when the pitching pivot was located at the leading-edge. As the 
pivot was moved towards trailing-edge, the passive pitch played 
an adverse role by advancing the chaotic transition.

Effect of inflow fluctuations
In addition to aperiodicity, complexities like fluctuating/gusty in
flows may also destabilize light weight (<100 g (32)) flapping wing 
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Fig. 2. Near-field vorticity contours at a typical time instant of t/T = 50.0 when the foil completed the upstroke and about to commence downstroke in a 
typical flapping cycle. Γ indicates the strength of LEV in terms of its circulation. SV, secondary vortex. Inset box in each of the frames represents the 
corresponding CL − CD phase portrait. A–C) AP–PP and D–F) AP–AP foil at different κh values.

Fig. 3. For AP–PP foil: time evolution of the plunge and pitch motions at A) κh = 1.0, B) κh = 2.0, and C) κh = 3.0.
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systems with low flight speeds (<20 m/s (33)). Their low inertia 
makes them susceptible to irregular fluctuations/gust and have 
their aerodynamic performance affected (34, 35). Oncoming per
turbations may potentially induce high instantaneous effective 
AoA leading to strongly separated flows (36, 37, 38), while the 
main agency of change for the near-field and the aerodynamic 

performance under gust comes through the LEV behavior (33, 
38). It is also known that certain flapping kinematics can be useful 
in mitigating the detrimental effects of gust and in the recovery of 
aerodynamic loads (36, 37, 38). The potential of passive pitch to 
tune the kinematic patterns optimally for gust mitigation is im
mense. We will briefly examine its capability to attenuate the 

Fig. 4. Variation in the effective AoA in a typical flapping cycle at three different κh for A) AP–PP and B) AP–AP configurations.

A B

C D

E F

Fig. 5. Time evolution of the pitch motion (A, C, E) and corresponding phase portraits (B, D, F) for the AP–PP and AP–AP foils at the three different κh.
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effect of irregular inflow fluctuations in this section. Please see 
Section 3 of the supplementary material for the mathematical de
tails of a typical random (stochastic) temporally fluctuating inflow 
model (39).

Under inflow fluctuation, the overall temporal trends of loads 
(Fig. 8) remain similar to the respective steady inflow situations 

(see supplementary Figs. S5 and S7 for steady inflow results) but 
the time evolution shows modulations in amplitude. The fluctua
tions are most significant at the lowest κh (Fig. 8A and D) and de
creases with an increase in κh (Fig. 8B and E). The signal-to-noise 
ratio (SNR), which measures the level of a desired signal in a 
time series data in comparison to the level of background noise 
and is defined as the ratio of signal power to the noise power 
(40), was tracked in Fig. 8F. For AP–AP, it increases from 0.67 at κh = 
1.0 to 18.34 at κh = 3.0; for AP–PP from 8.87 at κh = 1.0 to 50.95 at 
κh = 3.0. The noise power content in AP–PP decreased by nearly 
an order of magnitude compared to the fully active case 
(Fig. 8C). These results imply a much better gust mitigating cap
ability of the AP–PP foil. Please see supplementary Videos SV3 
and SV4 for flow visualization for both AP–PP and AP–AP cases 
under fluctuating inflows. Also note that while mitigating the ef
fects of fluctuating inflow, passive pitching also leads to a reduc
tion in the CL amplitudes. This can be understood by noting the 
approximate mean of the CL amplitudes in consecutive flapping 
cycles, as marked using black-dashed line in Fig. 8.

Discussions
Recently, we introduced two new non-dimensional quantities 
(10), StA,LE and αmax

eff , which were shown to preserve a flapping sys
tem’s interaction with its surrounding flow comprehensively. It 
was further observed that the interactions could be effectively 
captured through the leading-edge excursion and the effective 
AoA. Both these non-dimensional quantities directly influence 
the LEV development, which is the main vortical mechanism re
sponsible for triggering aperiodicity. Therefore, the fundamental 
aperiodic mechanisms can be effectively captured within these 
two non-dimensional measures. The definition of αmax

eff has been 
mentioned above; StA,LE, the leading-edge amplitude-based 

Fig. 6. CL–CD phase portraits for the AP–PP foil as the flexibility along the 
pitch DOF increases at a fixed κh = 3.0: A) κ/2πfN = 0.5, B) κ/2πfN = 0.75, C) 
κ/2πfN = 1.0, and D) κ/2πfN = 1.25.

Fig. 7. CL–CD phase portraits for the AP–PP foil as the pivot location changes at a fixed κh = 3.0: A) xp = 0.0, B) xp = 0.25, C) xp = 0.5, D) xp = 0.75, and E) 
xp = 1.0.
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Strouhal number, is defined as StA,LE = feALE/U∞, with ALE being 
the peak-to-peak oscillation amplitude of the leading-edge. The 
description allows one to combine the variation in relevant kine
matic/flow parameters under these two quantities. The general
ized aperiodic (bifurcation) boundaries on the αmax

eff vs. StA,LE 

plane demarcates between the periodic and aperiodic dynamical 
regimes (10). For the AP–PP and AP–AP cases studied here, the cor
responding (StA,LE, αmax

eff ) pairs have been plotted on a dynamical 
transition map (Fig. 9) to further assess the changes due to passive 
dynamics. Bifurcation boundary and dynamical regions defined in 
Ref. (10) have also been reproduced here for reference. It can be 
seen that passive oscillations indeed keep the (StA,LE, αmax

eff ) pair 
well within the periodic region of the map across different κh val
ues. The trend observed for varying spring stiffness also supports 
the same: a decreasing stiffness moves the (StA,LE, αmax

eff ) pair 

further inside the periodic regime and an increasing stiffness 
pushes it towards the transition boundary. On the other hand, 
for the AP–AP case at κh = 3.0, the pair goes inside the aperiodic re
gion (due to high effective AoA and high leading-edge oscillation 
speed), where comparatively stronger LEVs with aperiodic move
ments were formed. The associated deviation of the aerodynamic 
loads from periodicity was observed in the CL–CD phase portrait in 
Fig. 2F.

Overall, the present study has been able to give some insights 
into the supposed inconsistency of the absence of chaos/aperiod
icity in natural flights, despite the overwhelming presence of ex
perimental (8, 7) and numerical evidence (1, 5, 9). Earlier studies 
reporting the presence of chaos have largely overlooked the sig
nificant role of passive oscillations, even though its influence on 
the kinematics was widely known (18, 19, 22, 23); furthermore, 

Fig. 8. CL time history under stochastic inflow fluctuations for A) AP–PP foil at κh = 1.0, B) AP–PP at κh = 3.0, D) AP–AP foil at κh = 1.0, and E) AP–AP foil at 
κh = 3.0. C) Noise power content in the CL signals and F) SNR (signal power/noise power) at different κh values.

0.2 0.4 0.6 0.8 1 1.2
10

30

50

70
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Fig. 9. αmax
eff vs. StA,LE values corresponding to the three κh for both AP–PP and AP–AP configurations.
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chordwise flexibility contributing to this effect was also reported 
(20, 21). As was seen in the present study, passive mechanisms, 
by tuning wing pitch kinematics, could achieve specific optimal 
orientations with respect to the incoming wind to avoid conditions 
conducive for aperiodic transitions.

Passive pitch dynamics also appears to provide better adjust
ment for overcoming realistic oncoming flows with unsteady fluc
tuations. Passive pitch modulates the foil’s orientation to adapt 
with the fluctuating inflow, thus reducing gust’s influence on 
aerodynamic loads. Fully actuated foils, on the other hand, ex
perience significantly higher variations in its effective AoA 
due to a combination of self-motion and inflow fluctuations. 
Nevertheless, for both passive and fully active foils, an increase 
in κh helps to overcome the effects of fluctuations. This was also 
discussed in Ref. (36). Attenuation of the effects of gust results 
in a reduction in the aerodynamic load amplitudes, a similar trend 
was also reported in Ref. (41).

Conclusions
Effects of passive pitch dynamics on the characteristics of aero
dynamic loads and near-field flow of flapping foils (with partial ac
tuation) have been investigated in this study, in comparison to a 
fully actuated pitching and plunging foil. The flow-field and forces 
over the airfoil were computed at various dynamic plunge veloci
ties. Aperiodic transition in the flow-field is significantly delayed/ 
inhibited due to passive dynamics even at high amplitude–fre
quency kinematic ranges where aperiodic transition was observed 
in fully actuated foils. This is due to the passive modulation of the 
pitch kinematics that maintains a low effective AoA and results in 
the attenuation of LEV. The effects of changing wing root stiffness 
was also investigated which revealed that pitch modulation de
creased with increasing stiffness resulting in increased likelihood 
for transition to aperiodicity. Passive pitch dynamics was most ef
fective in averting chaotic transition when the pivot was at the 
leading-edge, and an adverse effect was seen as the pivot was 
moved towards trailing-edge. When subjected to unsteady inflow 
conditions, passive pitching also confers better gust mitigating 
ability because of the pitch profile adjusted to the local inflow. 
While passive oscillation can delay aperiodic transition and tran
sition to chaos, and exhibit better gust mitigation, the overall 
forces experienced by the airfoil are lower, posing questions on 
the trade-off between load magnitudes and the periodic dynam
ics. The findings of the present work provide useful insights to
wards an efficient design for stable operations of futuristic 
flapping wing devices.
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Supplementary material is available at PNAS Nexus online.
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