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Abstract

Birds morph their wing shape to adjust to changing environments through muscle-activated
morphing of the skeletal structure and passive morphing of the flexible skin and feathers. The role
of feather morphing has not been well studied and its impact on aerodynamics is largely unknown.
Here we investigate the aero-structural response of a flexible airfoil, designed with biologically
accurate structural and material data from feathers, and compared the results to an equivalent rigid
airfoil. Two coupled aero-structural models are developed and validated to simulate the response of
a bioinspired flexible airfoil across a range of aerodynamic flight conditions. We found that the
bioinspired flexible airfoil maintained lift at Reynolds numbers below 1.5 x 10°, within the avian

flight regime, performing similarly to its rigid counterpart. At greater Reynolds numbers, the
flexible airfoil alleviated the lift force and experienced trailing edge tip displacement. Principal
component analysis identified that the Reynolds number dominated this passive shape change
which induced a decambering effect, although the angle of attack was found to effect the location
of maximum camber. These results imply that birds or aircraft that have tailored chordwise flexible
wings will respond like rigid wings while operating at low speeds, but will passively unload large lift

forces while operating at high speeds.

1. Introduction

Engineers frequently look to nature for inspiration
regarding challenging problems. Within aerospace
engineering, birds are a key inspiration due to their
similarities to small unmanned aerial vehicles (UAV)
in size, Reynolds numbers (Re), and flow speeds (V).
Both operate within the atmospheric boundary layer
and are subject to similar aerodynamic disadvantages
due to the relative magnitude between gust and flight
speed. These disadvantages, when compared to high
altitude fliers, include larger changes in true air speed,
acceleration, sideslip angles and increased directional
sensitivity to perturbations and gusts [1]. Birds are
able to mitigate the effects of these in-flight distur-
bances by changing their morphology.

1.1. Active morphing in avian and engineered
wings

Biologists have long observed and recorded birds,
which typically flyat 1 x 10° < Re < 4 x 107, actively
controlling their flight through morphing wing and
tail maneuvers [2]. Early studies have identified a vast

array of maneuvers that birds use to control flight.
For example, shifting the wing fore or aft of the cen-
ter of gravity is used as a means of pitch control 3],
fulmars use wing rotation about the shoulder to pro-
duce rapid vertical translations and is typically imple-
mented in gusty conditions [3], wing flexion increases
with flight speed [4], and wing span is tailored to
increase performance [5].

Recent studies have begun to quantify some of
these active effects with the aid of modern sen-
sors. With such measurements, specific wing and tail
maneuvers have been correlated to changes in atti-
tude. For example, in-flight measurements of a steppe
eagle’s tail have demonstrated that it controls pitch
with prolonged tail maneuvers while rapid small-
amplitude tail maneuvers are hypothesized to be cor-
rective measures in response to turbulence [6]. An
experimental and observational study showed that
gulls flex their elbow angle as wind speed increases
allowing them to adjust their static pitch stability
[7]. Further, in-flight surface reconstructions of wing
camber showed that wing tip camber asymmetry is
used to alleviate roll rates [8].
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Engineers have attempted to harness the con-
trollability and efficiency of birds by designing bio-
inspired active morphing mechanisms. Such active
morphing airfoil designs have focused on airfoil cam-
ber morphing, this includes the variable camber
continuous trailing edge flap (VCCTEF) [9], span-
wise morphing trailing edge (SMTE) [10], fish bone
active camber (FBAC) [11], and synergistic smart
morphing aileron (SSMA) [12]. Even more novel
morphing actuators have been developed, such as
biomimetic feather flaps, which alleviate gust load-
ings when actively deployed [13]. These concepts rely
on actively control lift, pitch, and roll by adjusting
camber via smooth changes in wing geometry. These
and other morphing mechanisms aim to surpass their
rigid counterparts with increased control authority,
reduced drag [10], increased efficiency [14], reduced
weight, and rapid response times [12].

1.2. Passive morphing in avian and engineered
flight

While active morphing has received a lot of attention
from biologists and engineers, studies have also sug-
gested that passive morphing is prevalent in nature
and can provide aerodynamic benefits. Passive mor-
phing does not rely on sensors, controllers, and actu-
ators, thereby reducing the response time such that
it is practically instantaneous. Hummingbird wings
experience negative camber during the downstroke
and positive camber during the upstroke which pro-
vides efficient lift generation when coupled with wing
twist [15]. In gliding flight, passive mechanisms are
often much subtler. While landing, the wings of eagles
deploy covert feathers as a leading edge flap which
decreases the stall speed and augments lift production
[16]. Large soaring birds such as hawks and eagles are
known to have emarginated primary feathers which
deflect upwards in soaring flight. This has been found
to reduce induced drag but at the cost of increased
parasitic drag [17, 18].

Despite previous research into these passive
mechanisms, relatively little is known about the
fluid—structure interaction of secondary feathers
which cover the in-board trailing edge of bird wings
(figure 1). Bachmann et al conducted wind tunnel
testing on a hybrid airfoil with secondary feathers
embedded into the trailing edge and demonstrated
that the secondary feathers decamber with increased
wind loadings but were not able to comprehensively
quantify this effect [19]. Furthermore, Nachtigall et al
measured the decambering of a pigeon’s airfoil in
flight [20]. These feathers are highly flexible and
understanding the potential costs and benefits of this
flexibility can provide new avenues of bio-inspired
investigation for engineers.

Research into flexible airfoils has traditionally
been geared towards membrane wings or oscillating
motions in pitch and/or plunge due to either span-
wise aeroelasticity or flapping motions. These studies
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Figure 1. Bird wing anatomy of (a) a partially extended
wing with traditional aircraft terminology and P5 feather
highlighted (b) approximate airfoil shape at secondaries
upon full wing extension. (c) Orthogonal view of the
scanned profile of the 5th primary feather.

focus on the low Re regime (Re < 5 x 10°) which
encompasses the Re range of natural fliers like birds.
Initial chordwise flexible airfoil studies were con-
ducted by Kim and Lee who developed an analyti-
cal model which coupled a doublet lattice method
with a finite beam method and two spring elements
in order to assess the aeroelastic effects of a flexible
plate experiencing pitch and plunge motions [21].
This work was followed by Shyy et al who studied
the effects of turbulence and aerodynamic perfor-
mance of a flexible membrane-based airfoil in low
Re flow [22-25]. Similar research numerically sim-
ulated and experimentally tested the fluid—structure
interactions of flexible airfoils with feather-like trail-
ing edges undergoing pitch and plunge motions in
low Re flow [26—-28]. These experiments determined
that flexibility of oscillating airfoils reduces the effec-
tive angle of attack due to decambering while increas-
ing thrust. Finally, research by Relvas and Suleman
formulated an aeroelastic model using corotational
structural elements to simulate the airfoil skin cou-
pled with a fluid model which incorporated moving
reference frames to model a flexible airfoil undergo-
ing a prescribed harmonic pitching motion [29]. This
method is promising in dynamic analyses as the fluid
mesh does not require regeneration given small struc-
tural displacements, saving computational time. One
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of the most relevant characteristics observed in many
of these studies is that the flexible airfoils experienced
less fluctuations in lift force, a trait which may be
especially useful for gust mitigation and suppressing
separation for low-altitude fliers [30, 31].

2. Problem overview

The primary objective of this work is to investi-
gate the steady aero-structural effects of passive cam-
ber morphing of a bio-inspired 2D flexible airfoil.
This analysis is done using bird wings as a starting
point. Bird wings and feathers exhibit largely non-
uniform material properties in both the spanwise and
chordwise directions. This work couples a nonlin-
ear corotational finite element method with XFOIL,
a vortex panel based computational fluid method,
to develop a fluid—structure interaction (FSI) model
used for assessing a 2D flexible airfoil. The resulting
XFOIL-corotational (XCO) model follows a similar
but unique method to the work developed by Relvas
and Suleman for dynamic pitch and plunge motions
[29]. Unlike prior studies which have focused on the
use of flexible airfoils in dynamic flapping maneu-
vers (i.e. pitching and heaving) with uniform material
properties, we assess the steady aerodynamic response
of a flexible airfoil with non-uniform chordwise prop-
erties. While dynamic flapping motion draws many
parallels with biological fliers, its applicability to air-
craft larger than micro air vehicles is limited. As such,
the current work was conducted through a bioin-
spired lens with the goal of further advancing the
knowledge of how feather flexibility may affect glid-
ing birds as well as to inform low-altitude UAV design.
In particular, three main questions will be answered.
First, we investigated how aerodynamic loads deform
the flexible airfoil shape. Next, we quantified how the
resultant deformations in turn affect the aerodynamic
load production of the airfoil. Finally, we investigated
the possibility of replicating these deformations in a
flexible 3D printed airfoil.

It is important to consider the composition of a
bird wing to permit comparison to aircraft wings.
For simplicity, bird wings may be thought of as two
main sections along the cross section (figure 1(b)).
The leading edge is the front portion of the wing
and comprises a complex system of bones, muscles,
skin, small covert feathers and ligaments. In contrast,
the trailing edge is composed of a series of overlap-
ping flight feathers which provide a lightweight lift-
ing surface. The leading edge ligament, skeletal struc-
ture, and flight feathers are considered analogous to
the leading edge, spar, and trailing edge of a tra-
ditional aircraft wing, respectively, for the purpose
of this study. The flight feathers consist, in part, of
the primary and secondary feathers. Secondary feath-
ers make up the inboard section of the wing, with
the root of each feather’s shaft directly embedded
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into indentations in the ulna. All secondary and pri-
mary feathers are attached at their shafts by a lig-
ament called the vinculum [32, 33]. We selected to
model the secondary feathers as a cantilevered struc-
ture, where the fixed end is secured to the ulna and
the other end remains free. It is important to note
that for oncoming flow, secondary feathers rachides
are predominantly oriented parallel to the flow while
the primary feathers are oriented with increasing
perpendicularity.

2.1. Structural feather characteristics

In order to assess the passive deformations of feath-
ers, an understanding of their composition, geom-
etry and material properties is crucial. Feathers are
composed of multiple keratin structures including the
shaft, vane, barbs and barbules [34]. The main shaft
is composed of the rachis which supports the feather
vanes and the calamus which is embedded into the
skin and bone [35]. The shaft exterior is made of
a thick layer of cortex, and filled with a sponge-like
medullary material. Removing the medulla was found
to only have a minimal effect on a feather’s bending
properties and as such, we assumed that its contribu-
tions were negligible in our study [34]. As the cortex
tapers towards the tip, it varies from an oval shape
near the feather base to a rectangular shape near the
tip [35]. This directly affects the second moment of
area (I(x)) along the shaft, which is at its maximum
located near the feather’s root. Studies have shown
that the Young’s modulus (E(x)) of feather keratin
is largely conserved across species [34, 36]. However,
within a single feather the Young’s modulus may be
slightly higher at the tips, which is primarily due to
the arrangement of the keratin fibers [35].

In our model we selected to only model the feather
flexibility with the properties of the rachis without
the vanes. We chose to do this because few stud-
ies on the structural properties of the feather’s vane
have been conducted. The vane consists of a com-
plex hierarchical structure of barbs which branch into
barbules that use hooklets to form an interlocking
Velcro-like structure [37] which is difficult to model.
Lastly, the vane of individual secondary feathers has
been shown to generate weak restoring moments to
out-of-plane loadings, indicating its structural effects
are not predominant [37].

With this background in mind, we modelled a
flexible airfoil based on an avian feather using a
few key assumptions. First, direct measurements of
the chordwise distribution of Young’s modulus and
second moment of area of a barn owl’s 5th pri-
mary feather rachis were used as the airfoil’s trail-
ing edge structural properties in this analysis [34]. As
the Young’s modulus has been demonstrated to be
relatively consistent across species, it is reasonable
to assume that this consistency extends to primary
and secondary feathers. Our study does not include
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any potential contributions of the surrounding feath-
ers to the structural rigidity. This simplifies the anal-
ysis by removing the complexity of modelling the
interaction between the Velcro like vanes. Lastly, no
numerical data was available for the cross sectional
area (A(x)); however, Bachmann’s work included dig-
ital profiles of the feather cross section, excluding the
medulla, from photographic measurements. We pro-
cessed those images in MATLAB to quantify the cross
sectional area along the feather shaft.

Differences in both the size, cross sectional area
and the second moment of area between secondary
and primary feathers likely exist but have not been
comprehensively quantified. Photographic data from
the U.S. Fish and Wildlife Service’s Wildlife Labora-
tory indicates that the rachis of the barn owl’s fifth
primary is approximately 30% longer than that of
the first to third secondary feathers while the vane
length is 20% larger [38]. While this information is
useful to understanding key differences between the
two feather types, it is not possible to draw direct
conclusions on secondary feather material proper-
ties. Given the limitations of currently available data,
the assumption that secondary feathers exhibit the
same chordwise material properties as primary feath-
ers provides a useful first approximation of an avian-
inspired flexible airfoil.

3. Methods

We used a coupled nonlinear fluid—structure for-
mulation to model the flexible airfoil’s aeroelastic
response. Recent work in flexible airfoils has focused
on the static and dynamic gust response. Murua
derived analytical expressions to characterize the
dynamic gust response of flexible airfoils; however,
the finite element analysis was limited to a maxi-
mum of 3 degrees of freedom including pitch, plunge,
and camber, the latter of which was restricted to
small changes in camber which were dictated by pre-
scribed parabolic shape functions [39]. Sucipto et al,
compared a high-fidelity FSI simulation to a tuned
low-fidelity semi-analytical simulation of a flexible
airfoil’s static and dynamic gust response and demon-
strated good agreement between the two, provided
that the flow remained attached [40]. Similarly, these
simulations modeled the airfoil’s displacement by
assuming continuous material properties, small dis-
placements, and that the camber was dictated by a
Rayleigh beam element with Chebyshev polynomial
mode shapes.

The following section details the aerodynamic and
finite element models, the airfoil geometry, and the
system coupling scheme that formulates the two-
way weakly-coupled FSI algorithm implemented in
our study. This model builds further upon existing
studies by incorporating variable material properties,
large displacements, and customized camber without
assumed mode shapes. The FSI model was written in
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MATLAB which allowed for rapid coupling between
the fluid and structure model and easy parame-
terization. Lastly, the model was validated against
simulations using commercially-available software
(appendix A).

3.1. Fluid modeling

The numerical method in this model harnessed the
open-source software XFOIL, a vortex panel based
algorithm coupled with an integral boundary layer
which is capable of rapidly evaluating viscid and invis-
cid flows of subcritical airfoils [41]. There are some
limitations to XFOIL that should be addressed in the
context of the present study. At low Re (below approx-
imately 5 x 10° [42]), XFOIL has been found to over
predict the lift coefficient and under predict the drag
coefficient. Convergence may not be obtained in cases
with full separation [43].

XFOIL outputs the aerodynamic lift, drag, pitch-
ing moment, and distributed pressure coefficients for
a given airfoil shape. The distributed loading (in units
of N m™!) over each panel in the airfoil’s mesh was
calculated from the non-dimensional pressure coeffi-
cient using the following relation:

1
pP= ECPVZSP (1)

where C,, represents the pressure coefficient, V repre-
sents the flow speed, p represents the air density, and
s represents the section span. For this model, the span
is set to the rachis’ root thickness of 3.3 mm. This was
required since the structural properties of the feather
rachis are three dimensional and cannot be normal-
ized by the local rachis width due to its complex vari-
able geometry. To be clear, this model does not include
3D finite wing effects. Lastly, the direction of the pres-
sure loading is oriented normal to each panel which is
accounted for when coupling the aerodynamic forces
and structural models.

3.2. Structural modeling

One caveat to modeling morphing structures is their
inherent flexibility and potential to undergo large
deformations. This introduces geometric nonlinear-
ities into the problem formulation as the struc-
tural equations must be written relative to the
deformed structure and the loads are now depen-
dent upon the deformed geometry. As a result, the
equilibrium equations must be solved relative to the
deformed state. Written mathematically, the struc-
tural equations KU = F are in fact K(u)U = F(u)
where both the stiffness matrix K and the load vec-
tor F are functions of the global displacements u. The
corotational beam method provides a suitable finite
element formulation for arbitrarily large displace-
ments and rotations in the global coordinate system of
geometrically nonlinear structures by decomposing
the deformation into the rigid body motion and
the small elastic deformations. The formulation for
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X U

2D corotational beam elements is detailed succinctly
below for completeness, following the derivation pre-
sented by Crisfield [?].

The corotational formulation defines a local
element’s coordinate system with its origin at the first
node such that the coordinate system rotates with the
element. Thus, the element’s deformation-induced
strain is discernible from the rigid body motion of
the structure. The coordinate systems of both an ini-
tial (undeformed) and current (deformed) element
are visualized in figure 2. Note that the local degrees
of freedom 7y, w;, w, are zero since the local coor-
dinate system rotates with the element and the ori-
gin is located at node 1. With this foundation, axial
deformations and forces are calculated as:

L+L, L*—1

u=( 0)L+L0 7L, (2)
EAu

N=ZE (3)
Ly

where the local displacement % has been conditioned
by L + Ly/L + Ly. This numerical technique ensures
successful numerical calculations when the difference
between L and L, is small. The initial and current
element lengths can be derived geometrically as:

Ly=V(X — X))+ (Z, — Z,)? (4)

L=((X+u) — X+ u))?+ (Zo+w) — ...

(Z1 +w))?

(5)
where the current element length accounts for the
global nodal displacements u, w. Now considering the
flexural deformations of the element, the local end
moments M,; and M, can be written as a function of
the local nodal rotations 8; and 65:

M| _2EI[2 1] (0,
ol =w b e

where 6, and 6, are defined by
0; = 0; — ¢ — Oo; (7)

where ¢ represents the element’s rigid rotation and
0 represents the initial slope in the local coordinate
system. At this stage, the set of non-zero local variables
are assembled in vector format where a® = (%, 6, 6,).
The system of equations detailing the element forces
can now be assembled:

N A 0 O

E 7]
M, y=— |0 4 2I|<86, (8)
M, O1lo 21 41| |6,

Upon deriving the internal forces in the local coor-
dinate system, the relationship between the global and
local variables can be determined. This is approached
through variational principles, considering a small
variation in global displacement from the current
configuration du,;. The local axial displacement is
calculated by projecting the global displacement onto
the unit vector e; = (cos ¢, sin ¢) along the length of
the element shown in figure 2.

— cos ¢ !
0t = e, 0ty = sin ¢ duy )

Thus,
T
_ Jcos ¢ Sy — Ouy
o = {sin ¢} {5102 - 5w1} (10)

This can be written succinctly as:
0u=v"'da (11)

where v = (—cos ¢, —sin ¢, 0, cos ¢, sin ¢,0) and
oa = (uy, wy, 05, up, wy,0,) are the unknowns
assembled in the global coordinate system.

The second unit vector e} = (—sin ¢, cos ¢) can
now be used to derive the relationship between the
local and global rotations. A small variation in angle
can be calculated based on a change in arc length
where L¢ = el duy; which can be rewritten in a
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similar manner to equation (11) using the global
unknowns

op = % (sin ¢, —cos ¢,0,—sin ¢,cos ¢,0)da
(12)
Recalling that equation (7) defines the relationship
between the rigid bar rotation and the slope in the
global coordinate system, this can be rewritten to
express the local nodal rotations in terms of the
unknowns in the global coordinate system.

6, 00100 0 1fz
L — = | 1| ) da
0, 0 0 0 0 01 I |z
(13)
where z' = (sin ¢, —cos ¢, 0, —sin ¢, cos ¢, 0). From
this equation, the rotation matrix can be inferred as:

VT

000000 1 .
B=(0 0 1 0 0 o+ | ;% (14)

00000 1 1,

3.3. Airfoil geometry and mesh formulation
As mentioned in section 2.1, the airfoil geometry
used in this analysis is based on biological wings.
Many studies of bird wings use highly cambered
high lift airfoils; however, generating consistent data
with these airfoils at low Re (below 3 x 10°) across
experimental and simulated data at equivalent flow
conditions has proven to be challenging [42, 44,
45]. In contrast, symmetric airfoils with a moder-
ate thickness such as the NACA 0012, which are
notably inappropriate for the current study, provide
very consistent results across experiments and simu-
lations both with and without viscous effects. A com-
prehensive analysis, detailed in appendix A.2.1 was
conducted to determine an appropriate airfoil geom-
etry by comparing the results of two fluid models:
an inviscid vortex panel method, and XFOIL which
includes viscous effects due to the boundary layer and
wake. The purpose of this analysis was to identify an
airfoil that drew parallels to highly cambered biolog-
ical airfoils, but was expected to show good agree-
ment between simulations and experiments. From
this analysis, the NACA 6409 was chosen due to its
similarity to moderately thin and cambered biological
airfoils and because it showed fairly good agreement
between the two models for pre-stall angles of attack
for a range of Reynolds numbers. This comparison
was verified against experimental measurements and
numerical simulations in ANSYS, a commercially-
available engineering software (section appendix A),
and was shown to be within 11.5% of the experimen-
tal results. The surface of NACA 6409 was then dis-
cretized into a mesh with 200 panels for use in the FSI
model.

The structural mesh used in the corotational
method was defined in a different manner. Given the
composition of the true bird wing mentioned prior,
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Table 1. Comparison of non-dimensional wind speeds across a
spectrum of fliers. Species data from [46, 47].

Species S(m) ¢(m) Wikg)
Red-tailed hawk 1.22 0.38 1.08
Barn owl 1.01 .017 0.46
Pigeon 0.68 0.098 0.549

the airfoil’s leading edge was assumed to be rigid
in the chordwise direction for the purposes of this
analysis. Furthermore, as mentioned in section 1, the
trailing edge exhibits passive deformations and thus
was assumed to be flexible. As such, the structural
mesh used in the FEM model was composed solely
of elements along the trailing edge and was mod-
eled to represent the camber and function of a sec-
ondary feather. The two dimensional geometry of an
unloaded feather was mapped using a NextGen 3D
scanner which uses four twin Class 1M, 10 mW solid
state lasers in addition to multistripe laser triangula-
tion technology figure 1(c). This scanner is capable of
regenerating surface geometries within 1/10000th m
accuracy in macro mode.

As discussed earlier, the Young’s modulus and
second moment of area used in this analysis were
taken from data on barn owl feathers [34]. How-
ever, we were not able to acquire specimens of barn
owl feathers. Instead we scanned a red-tailed hawk
specimen which has a slightly larger wingspan, chord
length and body weight than the barn owl in order
to measure the chordwise feather curvature (table 1).
It is important to note that there are large species-
specific differences in feather geometry, however this
model provides an initial estimation of the effects of
avian feather flexibility in gliding flight and does not
directly comment on a specific species. The chord
length of the airfoil was chosen to be 0.28 m, which
is between that of the red-tailed hawk and the barn
owl [46, 47]. The two-dimensional curvature of the
first secondary feather was scaled and oriented so that
the flexible part of the airfoil made up 60% of the
chord. The feather’s root was prescribed with fixed
displacement and rotation boundary conditions. As
such, the structural component of the trailing edge
can be thought of as a flexible cantilevered beam
with pre-curvature. Not only is this intended to rep-
resent a biological wing, but manufacturing a simi-
lar wing with a high Young’s modulus trailing edge
core embedded into a low-stiffness exterior mate-
rial is easily achieved with multimaterial 3D print-
ing. This algorithm can be easily adapted to model
the entire airfoil skin with geometrically nonlinear
corotational elements if desired for other engineering
scenarios.

3.4. Coupling algorithm

The XCO model developed here uses an iterative
Newton—Raphson solution method to model the
nonlinear nature of the flexible airfoil (figure 3)
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Figure 3. Flow chart of structural and aerodynamic
integration.

under steady aerodynamic loads. First, the loads,
displacements and meshes were initialized. The ini-
tial undeformed airfoil geometry was then passed
to the fluid model which calculated the nondimen-
sional aerodynamic pressure coefficient ¢, for the
desired angle of attack along the airfoil’s surface.
The total pressure acting normal to the structural
elements was calculated by taking the pressure dif-
ference between the upper and lower trailing edge
surface. This pressure distribution was interpolated
at the nodes of each element using a linear pres-
sure distribution across each element. The loading
was then discretized into 25 incremental loads for the
Newton—Raphson algorithm which were then used
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in conjunction with the tangential stiffness matrix
to solve for the incremental displacements. The dis-
placements were used to update the structure, and the
residual internal loads in the structure were checked
for convergence. If force convergence was not met, the
tangential stiffness was updated using the incremental
internal loads and the solution process was repeated
until convergence was met. Upon convergence, the
structural mesh was updated and the iterative pro-
cess was repeated with the next load increment. Once
the model has reached the final load increment, the
structural and airfoil mesh were updated to reflect the
converged displacements. Unless the norm of the con-
verged forces falls below the specified tolerance of 1 x
107, the new airfoil geometry was used to calculate
the pressure loads and the iterative load process was
repeated.

4. Results

4.1. Aerodynamic response

Here, we investigated the effects of variable angle of
attack (pre-loaded) and Reynolds number on the flex-
ible airfoil’s pressure distribution, lift and trailing
edge displacement. In total, thirteen different values
of Re were tested between 0.2 x 10° and 5 x 10°,
corresponding to flow speeds ranging from 1.04 to
26.12 m s~ '. It should be noted that in this analy-
sis, the effects of Reynolds number are only the result
of changes in flow speed since the airfoil chord had a
negligible extension is it decambered. The lift coeffi-
cient and chordwise pressure distributions are shown
in figure 4. The low-Re regime (Re < 1 x 10°) is
characterized by low pressure and lift coefficients,
consistent with low-Re experiments [48]. The flexi-
ble airfoil’s pre-stall lift distributions for values of Re
between 1 x 10° and 2 x 10° show little to no dis-
tinction, indicating that the flexible airfoil is able to
maintain aerodynamic performance (figure 4(a)). For
Re greater than 2.5 X 10, the lift curve shifts down-
wards with increasing values of Re, mirroring other
methods of passive load alleviation [49, 50]. Further-
more, we found that while the lift decreases at high Re,
this did not substantially decrease the predicted max-
imum lift coefficient. A direct comparison of the lift
and drag forces between the rigid and flexible airfoil
is presented in figure 6. Furthermore, a delay in the
stall angle is also observed, indicating that this passive
mechanism may aid in maintaining flow attachment.
This is supported by previous work which found that
airfoils with reduced and reflexed camber experience
a delay in stall angle [12]. Furthermore, like rigid air-
foils, increasing the angle of attack linearly increases
the lift coefficient prior to stall.

This can be further assessed by observing the
chordwise distribution of the pressure coefficient
shown in figure 4(b). We found that for Re below
1.5 x 10 the flexible and rigid airfoil exhibit
visibly identical pressure profiles, again confirming




10P Publishing

Bioinspir. Biomim. 15 (2020) 056010

L L Gamble et al

0.2 0.4 0.6 0.8 1 15

a) 15

0

Reynolds number (x10%)

Angle of Attack (°)

c) -1
1 N - Rigid
- .
0.5
05+ o \
0 5 10 15

Figure 4. Effects of aeroelastic deformations on (a) lift coefficient and (b) chordwise pressure distribution for o = 6° with rigid
solution shown in dashed lines (c) trailing edge pressure distribution over the rigid airfoil for Re = 5 x 10°, = 11°.

2 25 3 35 4 45 5

=== Flexible

o
(5}

0.6 0.7 0.8 0.9 1
x/c

that the flexible airfoil behaves in a rigid manner in
this regime. However upon increasing Re, the flexi-
ble airfoil begins to lose suction on the upper surface
which causes the loss in lift observed in figure 4(a).
We also found that the rigid airfoil undergoes trailing
edge separation prior to the flexible airfoil, shown in
figure 4(c). This is indicated by the plateau in pres-
sure coefficient over the last 10% of the rigid airfoil’s
chord.

To further understand the load alleviation effects
at high Re, we investigated two key parameters. First,
we looked at the sectional lift curve slope, which is
the change of lift force per change of angle of attack
before stall (in the linear region, figure 5(a)). Next,
we quantified the lift intercept, which represents the
lift at 0° angle of attack (figure 5(b)). We found that
the observed load alleviation was largely due to the
decrease in the intercept relative to its rigid counter-
part. This is due to the decambering of the airfoil
which mirrors the effect of decreasing aileron deflec-
tion in traditional aircraft. Interestingly, the flexi-
ble airfoil had a higher lift slope than the rigid air-
foil at the high Re numbers. Flexibility was shown
to have little to no effect on either parameter below
1.5 x 10°.

Both the airfoil thickness and camber have been
shown by other researchers to affect the lift curve
slope; however, these effects are not uniform across
Reynolds numbers. Sunada [51] found that the lift
curve slope was inversely related to the airfoil’s thick-
ness ratio and proportionally related to the airfoil’s
camber for Re of 4 x 10°; however, these findings are
contrary to the results of Abbott and Doenhoff [52]
which were conducted at Re > 1 x 10° and found
the slope increased with thickness ratio. Abbott and
Doenhoff also found that the slope increased with
decreasing aileron angle. The flexible airfoil presented
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Figure 5. Sectional lift (a) slope and (b) intercept for small
angles of attack in the linear region of the lift curve. The
band of bioinspired airfoil data represents the minimum
and maximum range of feather stiffness taken from error
bars in [34].

in this work is analogous in many ways to a conven-
tional aileron; thus, we believe the increase in slope
is due to the decambered flexible trailing edge acting
like an aileron with a reduction in actuation angle.
The difference in sectional aerodynamic forces
between the rigid and flexible airfoils, shown in
figure 6, further highlight how the aerodynamic loads
are alleviated. Across all Re, the flexible airfoil pro-
duced less lift force than its rigid counterpart, though
the effect is small at low Re. As the Reynolds num-
ber increased, we found that there was a larger
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relative reduction in the lift force. Although there was
always a reduction of lift for a flexible airfoil, when
the angle of attack was increased there was a smaller
relative reduction of the lift force. For example, at
Re = 1.5 x 10° the flexible airfoil alleviated over 30%
of the lift force generated for 0° angle of attack but
only about 20% of the lift force generated for 4° angle
of attack.

The drag profiles again show that the effects of
flexibility are most predominant at higher Re; how-
ever, the effect depends on the angle of attack. Nega-
tive angles of attack see a slight increase in drag with a
flexible airfoil (figures 6(c) and (d)) but high angles of
attack see a large reduction in the sectional drag force.
It should be noted that while the percent difference
is a useful metric for quantifying the change between
two similar quantities, small numerical values tend to
exhibit large percentage differences due to the ten-
dency of fractions with near-zero denominators to
approach infinity. We attribute these results to the
impact of the dynamic pressure on the aerodynamic
force. Simply put, as the wind speed increases, the
dynamic pressure and hence the aerodynamic load-
ing on the airfoil increases quadratically. This allows
the airfoil to maintain a semi-rigid configuration at
lower wind speeds and passive unload aerodynamic
loadings at higher wind speeds.

4.2. Structural response

To analyze the flexible airfoil shape change across all
Re and angles of attack we used a principal compo-
nent analysis (figure 7) which transforms a dataset
of correlated variables into independent (principal)
components. The resultant components capture the
shape change of the trailing edge removing the

effects due to translation, rotation or scaling. The
first principal component (PC1) accounts for the
largest possible variance in the dataset, while the sec-
ond principal component (PC2) accounts for the
highest variance possible while also being orthogo-
nal to PCI. The advantage to this method is that
it can capture changes in curvature that are diffi-
cult to quantify with classic airfoil variables such as
the magnitude and location of maximum camber.
For completeness, we also calculated these standard
variables.

In our principal component analysis, we used 57
key landmarks along the flexible trailing edge of the
airfoil in 2 dimensions. This analysis found that Re
had a statistically significant positive effect on PC1
(effect = 1.72 x 1078 /Re, p-value < 0.001) while the
angle of attack had a statistically significant posi-
tive effect on PC2 (effect = 2.17 x 107°/°, p-value
< 0.001). This indicates that the influence of Re and
angle of attack on the airfoil’s deformation act inde-
pendently of one another. Note that these effects are
calculated per unit of Re or angle of attack and thus,
the differences in effect magnitudes are due to differ-
ences in the order of magnitude between Re (on the
order of 10°) and angle of attack (on the order of 101).
Thus, the total effect of each parameter within our test
range is determined by multiplying this value by the
desired Re or angle of attack, respectively.

Furthermore, PC1 (and hence, the Re) was
responsible for 99.7% of the observed shape change
while PC2 (and hence, the angle of attack) was
responsible for 0.3% of the observed shape change.
In order understand how this shape change was
expressed in the airfoil’s deformation, we calculated
the maximum camber and location of maximum
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camber for each deformed airfoil. This showed a lin-
ear positive relationship (R, = 0.9996) between the
magnitude and location of maximum camber. By
comparing the maximum camber and location of
maximum camber to the principal components iden-
tified in our analysis, we found that an increase in
both PC1 and PC2 was associated with a reduction
and forward shift of the maximum camber. To sum-
marize, while both Re and angle of attack capture a
decrease and forward shift of the maximum camber,
Reis correlated with the largest axis of variation (PC1)
and is responsible for the majority of the shape change
observed in our study while the angle of attack is cor-
related with the smaller axis of variation (PC2) and
plays a minor role in the resultant shape change.
These trends are visualized by the colour gradi-
ents in figures 7(a) and (b). The vertical gradient
in figure 7(a) indicates that the angle of attack is
responsible for variations in PC2 but remains fairly
constant with respect to PC1. In contrast, the data
depicted in figure 7(b) shows a horizontal gradient
with respect to Re, which thus is responsible for varia-
tions in PC1. Furthermore, figures 7(a) and (b) high-
lights that between an angle of attack of 1° and 2°
there is a step increase in PC1 and decrease in PC2
at all Reynolds numbers. We found that the airfoil
experienced a sudden decrease in the camber and for-
ward shift of the location of the maximum camber

when the angle of attack was increased from 1° to 2°.
This sharp change in the camber as the airfoil tran-
sitions from near zero to positive angles of attack is
analogous to a snap-through-like phenomenon. At
this instance, the aerodynamic suction is moving from
the lower surface of the airfoil to the upper surface. In
a symmetric airfoil, this would occur at 0°; however,
due to the NACA 6409 airfoil’s positive camber, this
transition occurs at a non-zero angle of attack.
Further we can investigate the trailing edge tip
deflection which is a readily determinable parame-
ter that can easily characterize the overall deforma-
tion of the flexible airfoil, as shown in figure 8. The
contour plot in figure 8(a) supports our prior find-
ings that show Re is largely responsible for the flexible
airfoil’s total deformation. This is demonstrated by
the near-vertical slope of the contour lines. At small
angles of attack the relationship is linear; however,
the tip displacement re-cambers near stall where the
flow begins to separate over the surface. The case with
the greatest tip deflection and thus the most decam-
bered configuration is achieved right before stall at
an angle of attack of 8° and a Reynolds number of
5 x 10°. At these conditions the maximum tip deflec-
tion is 6.5 mm, which corresponds to 2.3% of the air-
foil chord. Figure 8(b) shows the relationship between
the tip displacement and both Reynolds number and
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Figure 8. (a) Displacement contour plot (b) effect of dynamic pressure and Reynolds number on the tip displacement at an angle
of attack of 15° and (c) deformed airfoil at an angle of attack of 15° and Reynolds number of 5 x 10°.

dynamic pressure. Note that while the Reynolds num-
ber is a function of the flow velocity, the dynamic
pressure is a function of the squared flow velocity.
This, in part, explains the semi-quadratic relation-
ship seen between flow speed and tip displacement
(figure 8(b)).

Given these results, a few points should be noted.
First, recall that this initial model simulates a single
feather rachis for simple comparison to a 2D airfoil. In
reality, the wing is composed of a series of overlapping
feathers which is hypothesized to restrict the defor-
mation of their neighboring feathers. Secondly, the
feathers appear to be structurally stable up to a spe-
cific wind loading, after which the amount of defor-
mation and associated change in lift increase more
rapidly. Finally, it is important to recall that the lift
force is a function of velocity squared. Thus, since
the lift coefficient was shown here to be dependent
upon velocity, this could indicate that the trailing edge
flexibility acts as a method of passive gust alleviation
to reduce the change in lift force and thus accelera-
tion during transient aerodynamic conditions. This
information can be useful when implementing bio-
inspired flexible materials on the trailing edge of the
wing. A feather-like structure will be able to maintain
a known cambered shape with minimal deflections as
the angle of attack is changed, whereas it may be tai-
lored to improve aircraft performance across variable
freestream velocities.

5. Reverse engineering a feather-inspired
airfoil

Upon developing an understanding of how the
pressure distribution and trailing edge flexibility
interact, the chordwise flexibility of feathers can be

reverse engineered to implement in a 3D printed air-
foil or wing. The elemental stiffness of the feather was
matched to the elemental stiffness of an engineered
flexible trailing edge. Both the Young’s modulus and
the trailing edge thickness can be tailored to match
the feather’s chordwise stiffness properties. Any thick-
ness can be 3D printed; however, the Young’s mod-
ulus is a limiting factor in the airfoil’s design and is
heavily dependent upon the allowable materials of the
3D printer. For this application, an Objet Connex 500
multimaterial printer is used which can make multi-
stiffness parts from two input materials. It utilizes liq-
uid particle deposition like a typical inkjet printer in
order to combine these two input materials in 10 dif-
ferent ratios. This printer is unique in that it can print
a single integrated part with multiple stiffness in a
single print job.

One difficulty in modeling the performance of soft
3D printed polymers is that their material proper-
ties are often not constant and vary with tempera-
ture, strain rate, etc [53]. In this application, Tango+,
a flexible material, and Vero White, a rigid material,
were used. The manufacturer provides some materi-
als data for these polymer combinations, but Young’s
modulus data is only available for rigid materials.
Experimental data of stress vs strain [53] was used to
determine the Young’s modulus of each of the pos-
sible material combinations at a strain rate of 1.2 X
10~'s™! in the linear region of their strain curves.
With this in mind, the algorithm is as follows. The
objective function matched the bending stiffness of
the 3D printed feather to the actual feather by tailor-
ing the Young’s modulus E and trailing edge thickness
t. As the Young’s modulus is a discrete variable, a solu-
tion map is created which shows how the predicted
thickness varies with both location along the chord
and the Young’s modulus. This is solved by equating
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Figure 9. Solution map of trailing edge Young’s modulus
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the stiffness terms for the 3D printed analog and the
feather.

Kfeather (x) - K3D,print (x) ( 1 5)
where
E *
Kfeather (X) _ feather (;C) feather (X) ( 16)
feather
and
E3p pri * h3D print (X)°
KSD,prim (x) _ 3D,print (X) 3D,print (X) ( 1 7)

12

Note that each expression has been normalized by the
respective width for equivalence. Here, Keather (x) and
K3 prini (%) represents the normalized flexural stiffness
of the feather and 3D printed analog, respectively, and
dfeather Tepresents the diameter of the feather calamus.

Figure 9 shows the solution map. Note that the
colour bar of the trailing edge thickness does not have
a constant gradient, in part due to the drastic dif-
ference in stiffness properties between Tango+ and
VeroWhite. A few trends can be noted from this map.
The reduction in stiffness characteristics towards the
tip of the feather’s trailing edge is mirrored in the
solution map. The predicted thickness, regardless of
Young’s modulus, tends to reduce along the trailing
edge. This is most clearly observed in the purely elas-
tomeric case which predicts a thickness of 40 mm at
the root, to 2.5 mm at the tip.

The map indicates that there are many solutions
to this problem which all produce the same struc-
tural response. There are three logical approaches
to customizing the reverse engineered airfoil, each
which have potential benefits and pitfalls depending
on manufacturing and operating constraints. First,
the map shows that a constant Young’s modulus can
indeed be used with reasonable thicknesses along the
chord. The chordwise thickness would be determined
by drawing a horizontal line at the desired Young’s
modulus. This approach would be useful in appli-
cations where a multimaterial printer is not readily
available. Alternately, a constant thickness approach
with tailored Young’s modulus could be used. The
chordwise Young’s modulus would be determined

L L Gamble et al

by drawing a line following the color contour cor-
responding to the desired thickness. While requir-
ing a multimaterial printer, this type of airfoil could
be useful in applications where fatigue is a concern.
While, both methods would be inappropriate for the
existing analysis since the trailing edge geometry is
not guaranteed to match that of the airfoil or feather
rachis, they could be implemented in flexible trailing
edge airfoils like those seen work by Shyy et al and
Heathcote et al which have beam-like flexible trailing
edges. Finally, the Young’s modulus could be tailored
along the chord such that the equivalent trailing edge
thickness matches either the feather or the airfoil’s
trailing edge. The chordwise Young’s modulus in this
approach is determined by plotting the airfoil thick-
ness versus the chord. The latter method would be
the most appropriate option so that the lift and drag
analysis conducted prior remains applicable.

6. Conclusions

In this work, the passive aeroelastic response of the
secondary feathers of bird wings was investigated by
developing and validating two fluid—structure inter-
action models of a bioinspired flexible airfoil. The
loosely-coupled XCO model is computationally effi-
cient and is able to rapidly assess a design space
making it well suited for preliminary design and
analysis. The higher-fidelity ANSYS model is more
computationally costly but more accurately predicts
experimental aerodynamic results, making it appro-
priate for final design analysis. Below Reynolds num-
bers of 1.5 x 10° which corresponds to flow speeds of
7.83 m s™!, the flexible airfoil behaved similarly to its
rigid counterpart. At higher Reynolds numbers, the
flexibility of the airfoil induced substantial reductions
in the lift force, passively unloading large aerody-
namic forces. These results indicate that the wing can
sustain a relatively constant airfoil shape and lift coef-
ficient for wind speeds below 7.83 m s™! while sup-
plying load alleviation in higher aerodynamic force
environments, thus minimizing unwanted changes
in vertical acceleration. We showed that the flexi-
ble airfoil’s response was primarily due to increas-
ing Reynolds number and thus flow speed, with little
effect from changes in angle of attack. Passive aerody-
namic unloading occurs instantaneously in response
to changes in aerodynamic forces, providing to other
forms of unloading which rely on controllers and
actuators.

Upon modeling the response of the feather as a
flexible trailing edge, the chordwise stiffness prop-
erties were reverse engineered to achieve the same
aeroelastic effect in a 3D printed wing. The solu-
tion showed that the non-uniform stiffness proper-
ties of the feather can be easily replicated. In fact, the
solution map showed that this could be accomplished
through many different combinations of Young’s
moduli and trailing edge thickness. This solution
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flexibility allows for replication regardless of multi-
material 3D printing capabilities. This demonstrated
that the chordwise stiffness of the feather can be repli-
cated with either a single Young’s modulus with a
customized thickness, or using both tailored Young’s
modulus and thickness.

Opverall, the research presented here sheds light on
the physics of how feather-inspired compliant wings
interact with load disturbances by modeling and clar-
ifying the relevant FSI. Future work will focus on
assessing dynamic wind gusts to provide a more com-
plete understanding of the aero-structural character-
istics in turbulent environments. Furthermore, future
work may include expanding the modeled physics to
include the effects of overlapping feathers and the
vane’s structural properties. Wind tunnel testing of
both the biological and the engineered flexible trail-
ing edge is also planned to further verify that these
effects can be reproduced in an engineering setting.
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Appendix A. Model validation

We validated the structural, fluid, and XCO model
individually to assess the accuracy of the entire model.
First, the corotational beam method was validated
against ANSYS Mechanical numerical simulations
and a theoretical beam model. Next, the XFOIL
model was validated against experimental data and an
ANSYS Fluent numerical simulations using a low Re
turbulence model. Lastly, the XCO developed in this
work was validated against an ANSYS 2-way coupled
ESI model.

A.1. Structural validation

We conducted the structural validation for a can-
tilevered beam with a square cross section, a length
of 254 mm, a Young’s modulus of 689.5 MPa and
a tip loading of 0 to 44.5 N. The analysis was con-
ducted for beams of aspect ratios 20 and 40 where,
for a square cross section, the aspect ratio is defined
as the beam length divided by the beam height.
This corresponds to beam heights of 6.4 mm and
12.7 mm, respectively. The ANSYS model utilized
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Figure Al. Comparison between theoretical, analytical
ANSYS, and corotational model for beam of aspect ratio 20
and 40.

1 x 10° quadrilateral elements. Euler—Bernoulli beam
theory was used as the theoretical model and is
detailed below.

§ = PL’JEI (A.1)

where § represents the beam’s tip displacement, P
represents the magnitude of the tip loading, and L
represents the beam’s length.

The results of the validation are presented in
figure Al. As expected, the theoretical model does a
poor job at predicting the nonlinear behavior. This is
especially evident as the deflection increases, where
nonlinear effects are well known to dominate the
response. However, the corotational beam theory and
the ANSYS numerical model show very good agree-
ment up to large displacements. At a tip displace-
ment of 127 mm, the error between the ANSYS and
corotational solution was 7% and 5% for the 20 and
40 aspect ratio beams, respectively (figure Al). As
a 127 mm tip displacement represents 50% of the
beam’s length and is well above any expected feather
deformation, these accuracies are excellent.

A.2. Fluid validation

Reynolds-averaged Navier—Stokes (RANS) simula-
tions using ANSYS Fluent were conducted to vali-
date the XFOIL model for an NACA 6409 airfoil at
a Reynolds number of 2 x 10°, which is in the mid
range of Reynolds numbers tested in the complete
analysis. This corresponds to approximately the upper
Re limit of bird flight. The two-equation k — w shear
stress transport (SST) turbulence model was imple-
mented, as this class of models is well known for their
robustness and superior low Re performance [45, 54].
The SST model in particular exhibits superior predic-
tion of the onset and degree of flow separation and has
demonstrated good agreement with other high lift low
Re airfoils [55]. Here, we assume incompressible flow
and the equations are solved using a pressure-based
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solver accordingly. Furthermore, a coupled algorithm
was implemented which typically offers better perfor-
mance than segregated algorithms. The flow around
the airfoil was simulated with a C-type mesh domain
where the inlet and outlet boundaries were set to be
15 and 30 chord lengths away from the airfoil, respec-
tively. A no-slip condition was imposed at the airfoil
surface. The SST model requires boundary layer res-
olution larger than 10 grid points; thus, we aimed to
achieve 30 points in the near-wall flow for the pur-
pose of this simulation. The inlet was prescribed a
turbulence intensity of 0.2%.

These results show fairly good agreement
between the experimental data, ANSYS, and XFOIL
(figure A2). The data show exceptional agreement
between the ANSYS model and the experimental
lift data, while the experimental drag data was more
accurately simulated by XFOIL. Drag is an incred-
ibly sensitive parameter both when experimentally
measuring and numerically simulating it. These
findings mirror the trends mentioned in section 3.1,
notably, XFOIL over predicts the lift and under
predicts the drag, which mirrors observed low Re
trends [42]. The maximum error in lift between
XFOIL and experiments is 11.5% which is acceptable
for rapid low-fidelity simulations. It should also be
noted that replicating wind tunnel results at low
Re is notoriously difficult due to discrepancies in
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Figure A3. Lift and drag comparisons between XFOIL and
experimental results for the NACA 0012 [57], NACA 2414
[58], and NACA 6409 [59] airfoils at a Reynolds number of
2 x 10°.

turbulence, wall effects, and boundary layer effects
[56]. As such, the results of this analysis should be
viewed as a validation that the simulation provides
a reasonable approximation of the magnitude, but
good approximation of the trends.

A.2.1. Effects of airfoil choice

Although the XFOIL simulation experiences up to
11.5% error, this is dependent upon the airfoil’s
geometry, as XFOIL is able to predict other airfoil
geometries more accurately. That is to say, the errors
in our simulations could be decreased by using a dif-
ferent airfoil as our base geometry. This is visual-
ized in figure A3 which demonstrates that XFOIL has
excellent agreement with experimental results for a
NACAO0012 airfoil, moderate agreement for an NACA
6900 airfoil especially at low angles of attack, and sub-
par agreement for an NACA 2414 airfoil at Re = 2 x
10°. We performed a comprehensive analysis which
led us to choose the NACA 6409 airfoil for this work.

The following criteria factored into our decision:
bioinspired geometry, likelihood of agreement with
experiments, success of convergence, and availabil-
ity of experimental data for validation and compari-
son. To mimic a bioinspired geometry, our final airfoil
needed to be moderately to highly cambered, mod-
erately thin, and with a maximum camber towards
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the leading edge or center of the airfoil. To assess the
likelihood of agreement with experiments, we com-
pared the viscous and inviscid solutions from our
XFOIL model for 1092 different 4-digit NACA air-
foils at 3 different Reynolds numbers (2 x 10%,3 x
10°,and 5 x 10°). The airfoils were categorized based
on how many angles of attack were within 10% of
the inviscid solution. This allows us to reduce the
search space by eliminating airfoils where the vis-
cous response is heavily influenced by the geometry
(figure A4). This method is meant to rapidly assess a
vast range of airfoil shapes to determine which ones
are likely to show good convergence and agreement
with experiments.

As would be expected, higher Reynolds num-
bers show closer agreement between the viscous and
inviscid solutions, since the low Re flow is dom-
inated by viscous effects. Poor agreement occurs
when the maximum camber is located towards the
trailing edge of the flier (near 100% maximum
camber location) regardless of Reynolds number.
Furthermore, agreement typically decreases as the
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camber increases. Lastly, airfoils with moderate thick-
ness demonstrate the best agreement, as very thin
airfoils show very poor agreement and thicker air-
foils begin to show less agreement. The effects of
the latter are stronger at low Re. Among the airfoils
with the best agreement, the NACA6409 was suffi-
ciently bioinspired (moderately thick and cambered
with the location of maximum camber away from
the trailing edge), showed one of the best agreement
across all three Reynolds numbers with agreement
within 10% for 9, 12, and 13 angles of attack, respec-
tively, and has relatively consistent experimental wind
tunnel data available at our Reynolds numbers of
interest.

A.3. Coupled validation

The XCO model detailed in section 3.4 was vali-
dated using ANSYS. The ANSYS structural and fluid
models validated in the prior sections were cou-
pled using steady state 2-way system coupling. We
aimed to reproduce the structural properties assumed
in the numerical model. As noted previously, the
airfoil’s surface geometry strictly serves to influence
the aerodynamic loadings while the flight feathers
are assumed to carry the trailing edge loads. Thus,
when recreating the structural model in ANSYS, a
solution was devised to minimize the structural stiff-
ness of the trailing edge airfoil that surrounded the
feather rachis. This was accomplished by simulat-
ing the material properties of the surrounding air-
foil as a hydrogel which exhibits a very low Young’s
modulus, multiple orders of magnitude less than
that of the rachis. The system coupling was final-
ized with dynamic meshing which was enforced at
the fluid—structure interface and updated each iter-
ation. In total, the coupled simulation underwent 50
coupling steps and each coupling step underwent 20
fluid iterations. The fluid residuals were set to reach
1 x 107 each fluid iteration, while the mechanical
solver was allowed to determine convergence given
the number of substeps needed for each coupling iter-
ation. The coupled solution was said to have con-
verged when log;o RMS < —2.

The results of the validation are shown in
figure A5. The lift and drag for both XCO and ANSYS
models show similar trends to that of the rigid airfoil.
The XCO model predicts a larger lift coefficient and
a smaller drag coefficient than ANSYS which mirrors
our findings in A2. These results indicate that flexi-
bility does not create notable differences in the aero-
dynamics between the two models at this Reynolds
number. Prior to the XCO stall angle, where the lift
coefficient is at its maximum, the predicted tip dis-
placements are in very good agreement with less than
12.4% error. This error is largely due to XFOIL over-
predicting the lift. The tip displacements predicted
from XCO experience stall-like behavior. Past the
angle of maximum lift, the tip displacement experi-
ences a sharp reduction before increasing again. This
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Figure A5. Lift, drag, and displacement comparisons
between XFOIL and ANSYS models of a bioinspired
flexible airfoil.

is due to the strong influence of the aerodynamic force
on the total displacement. Interestingly, this trend is
not observed in the ANSYS results and is accountable
for the post-stall increase in relative error.

The shaded bands, included in the XCO lift, drag,
and displacement plots, represent the experimen-
tal variation in the rachis material properties. This
was obtained by calculating the minimum and maxi-
mum bending stiffness from the standard deviation
(N = 6) provided with the rachis material proper-
ties [34]. These bands can be interpreted as the effects
of variation within a species. The effects are indistin-
guishable on the lift and drag profiles but are promi-
nent in the displacement response. One interesting
observation is that the error observed between the
XCO and ANSYS tip displacements falls within the
displacement range due to species variation.

To summarize, the results of the validation pre-
sented in this section demonstrate that the XCO
model reasonably predicts the aerodynamic and
structural response prior to the stall angle. Much
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of the discrepancy is attributed to XFOIL which is
known to over predict the lift at low Re. However,
the power of the XCO model lies in its computational
efficiency. Whereas the ANSYS FSI model requires
extraordinary computational power and hours of
computational time to calculate the coupled inter-
actions for a single angle of attack, the XCO model
takes a matter of seconds. This allows for rapid anal-
ysis across a range of flight conditions and readily
enables design and optimization without the use of
supercomputing.
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