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Abstract
Birds are agile flyers that can maintain flight at high angles of attack (AoA). Such maneuverability
is partially enabled by the articulation of wing feathers. Coverts are one of the feather systems that
has been observed to deploy simultaneously on both the upper and lower wing sides during flight.
This study uses a feather-inspired flap system to investigate the effect of upper and lower side
coverts on the aerodynamic forces and moments, as well as examine the interactions between both
types of flaps. Results from wind tunnel experiments show that the covert-inspired flaps can
modulate lift, drag, and pitching moment. Moreover, simultaneously deflecting covert-inspired
flaps on the upper and lower sides of the airfoil exhibit larger force and moment modulation
ranges compared to a single-sided flap alone. Data-driven models indicate significant interactions
between the upper and lower side flaps, especially during the pre-stall regime for the lift and drag
response. The findings from this study are also biologically relevant to the observations of covert
feathers deployment during bird flight. Thus, the methods and results summarized here can be
used to formulate new hypotheses about the coverts role in bird flight and develop a framework to
design covert-inspired flow and flight control devices for engineered vehicles.

1. Introduction

Birds like the bald eagle and the goshawk are
known for their ability to repeatedly perform high
angle of attack (AoA) maneuvers like takeoff, land-
ing, and perching. These birds and others com-
monly use a combination of wing articulation [1]
and tail articulation [2–4] to achieve such man-
euverability. Wing articulation methods consist of
large-scale shape morphing [1], such as changes in
sweep and dihedral, and small-scale shape changes
[5], such as feather deflections. Recent work has
focused on explaining how large-scale shape changes
affect birds’ maneuverability [6]. However, small-
scale shape changes can also effectively modulate
aerodynamic forces and moments during flight.
Covert feathers deployment is one example of a small-
scale shape change that has been observed to play a
significant role during flight [5].

Coverts are contour feathers that cover most of
the upper side and the thick leading edge part of the

lower side. Rows of covert feathers start near the lead-
ing edge and extend toward the trailing edge. Thus,
they are affected by both the pressure suction peak at
the leading edge and the separated flow near the trail-
ing edge. Figure 1 shows the main anatomical divi-
sions of the coverts on both the upper and lower sides
of the birds’ wings. Coverts are divided into primary
coverts and secondary feathers coverts, covering the
hand wing and the arm wing, respectively. Secondary
coverts are further divided into lesser, median, and
greater, moving from the leading edge to the trail-
ing edge [5, 7, 8]. Flight observations show that cov-
erts deploy passively in response to pressure changes
on the wing’s surfaces during maneuvers and sudden
changes in the flow conditions. A study by Carruthers
et al [5] recorded the deployment of the coverts feath-
ers on steppe eagles Aquila nipalensis during flight
maneuvers. The authors reported, through video
recordings, that the upperwing and underwing cov-
erts are usually observed to deploy simultaneously.
Specifically, they reported the following observations
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Figure 1. Covert feathers highlighted on the upper (left) and lower (right) wing surfaces. P: primary feathers, S: secondary
feathers, PC: primary coverts, SLC: secondary lesser coverts, SMC: secondary marginal coverts, SGC: secondary greater coverts.
This is based on the naming convention in [5, 8]. The images have been obtained by the author(s) from the Pixabay website [(left
image) and (right image)], where they were made available under the Pixabay License. It is included within this article on that
basis.

(OBS) during landing and glide perching maneuvers
[5]:

• OBS 1: lesser underwing coverts deployed in most
landing and perching maneuvers.

• OBS 2: underwing coverts deployment was often
accompanied by upperwing coverts deployment
and alula, another group of feathers, protraction.

• OBS 3: greater upperwing coverts deployed during
gust encounters.

• OBS 4: lesser underwing coverts deployed towards
the end of the pitch-up phase of the perch man-
euver.

Observations of covert feathers during bird flight
have inspired the design of covert-inspired flow con-
trol devices. Researchers showed that suction, or
upperwing, covert-inspired flaps increase post-stall
lift by enabling the suction side to maintain lower
pressure through the pressure dam effect. Further,
covert-inspired flaps decrease separation propagation
on the upper surface, improving the wing resistance
to stall [9–18].However, despite the number of engin-
eering studies on covert-inspired flaps and bird flight
observations indicating that the coverts in nature
deploy simultaneously on the upper and under wings
[5], prior work mainly studied the suction (upper)
side coverts deflected alone [9, 10] or the pressure
(lower) side, coverts deflected alone [16]. No studies
have investigated the effects of simultaneous deflec-
tion of pressure and suction side coverts on aerody-
namic performance, nor have they examined the sig-
nificance of the interaction between them.

Thus, in this study, we seek to answer the follow-
ing questions:

Q1 What is the effect of simultaneous static deflec-
tion of pressure and suction covert-inspired flaps

on the aerodynamic forces and moments com-
pared to a single-sided flap alone?

Q2 Which flap parameters are most effective at mod-
ulating the aerodynamic forces and moments?

Q3 What are the interactions between the suc-
tion and pressure side covert-inspired flaps, are
the flap effects purely additive, or do interac-
tions between both flaps govern the aerodynamic
response?

The remainder of the paper is divided into two
sections: the aerodynamic characterization section
and the data-driven modeling section. The aerody-
namic characterization section answers the first and
second questions. The data-driven modeling section
further quantifies the answer for the second ques-
tion by deriving mathematical models that relate the
flap design parameters to the aerodynamic forces
and moments and indicate the level of interaction
between pressure and suction side flaps thus, answer-
ing the third question. The answers to the questions
above can provide insights into the observations of
covert deployment during bird flight. They can also
enable novel covert-inspired flow and flight control
devices for small-scale engineered vehicles to enhance
maneuverability and aerodynamic efficiency. As an
example, we conclude the paper with a case study for
coverts as yaw control devices.

2. Aerodynamic characterization

2.1. Experimental methods
2.1.1. Experimental setup
Experiments were conducted in an open-loop closed
test section wind tunnel at the University of Illinois
at Urbana Champaign (figure 2(a)). The wind tun-
nel is a low-speed tunnel with four test sections,
each measuring 0.45 m in height, 0.9 m in width,
and 1 m in length. The experiment was conducted
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Figure 2. A schematic of the wind tunnel setup used in the pressure, suction, and simultaneous deflections experiments. (a) A
CAD of the wind tunnel facility at University of Illinois at Urbana Champaign with the test setup put in the first test section of the
tunnel. (b) A close-up of the first test section showing the splitter plate(IV), the wing(III), the force/torque transducer(II)
(orange), and the rotary table (I) (blue). (c) Front view of the wing (covert flaps shown in orange) inside the test section with
suction and pressure side coverts deployed. (d) A 2D cross-section of the wing and the relevant variables for the experiment.

in the first test section to minimize turbulence and
boundary layer effects. We used a splitter plate to
approximate the 2D flow (infinite airfoil) assumption
(figure 2(b)) [19]. The wing section was connected to
the splitter plate on one end with a paper-thin gap to
avoid unintended reaction forces. On the other end,
the wing was connected to an ATI Gamma six-axis
force-torque transducer to measure the aerodynamic
forces and moments on the wing. A Velmex stepper
motor, shown in figure 2(b) (blue), controlled the
airfoil pitch, effectively changing the angle of attack.
The forces and moments measured from the trans-
ducerwere transformed into thewind reference frame
and non-dimensionalized into the conventional aero-
dynamic coefficients [20]. During the experiments,
the free stream velocity was set to 26 m s−1, corres-
ponding to a Reynolds number of 200, 000. Blockages
were accounted for using solid and wake blockage
equations [19].

The airfoil was 3D printed using rigid 10 Kmater-
ial on an SLA Form 3 printer (figure 2(c)). It had
a rectangular planform with a chord, c= 0.120 m,
and a span, b= 0.280 m. The airfoil cross-section
was a NACA 2414 profile, which was previously stud-
ied with covert-inspired flaps by [9, 21]. A schematic
of the airfoil with the pressure and suction covert-
inspired flaps is shown in figure 2(d). The flaps had
a rectangular cross-section, and a chord length, cf =
15%c. The flaps spanned the entire airfoil, and a 3D-
printed wedge was used to set the flap’s deflection

angle. The deflection angle of the flaps remained
static for a given test to examine the effect of the
flap deployment angle on the aerodynamic forces and
moments.

During the experiments, five parameters were
varied, namely, the airfoil angle of attack (AoA), α,
the chord-wise location of the pressure side and suc-
tion side covert-inspired flaps, xp and xs, and the
deflection angles of the pressure and suction side
flaps, βp and βs (figure 2(d)).We conducted three sets
of experiments: suction side only, pressure side only,
and two-sided flap experiments. For the pressure side
only experiments, the suction side flap was com-
pletely removed, and vice versa for the suction side
experiments. The pressure side only and suction side
only experiments are referred to as one-sided exper-
iments, while the simultaneous pressure and suction
sides experiments are referred to as double sided or
two-sided experiments.

2.1.2. Design of experiments
A design of experiments (DoE) approach was used to
determine the test matrix instead of the one factor
at a time approach. DoE allows for a better scan of
the design space in a limited-time facility like the
wind tunnel [22, 23]. The DoE approach used in
this paper was chosen such that it satisfies random-
ization and repetition. Randomization was satisfied
through the random order in which the configura-
tions were run. Repetition was applied by repeating
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Figure 3. A schematic for a test matrix chosen based on a nested FCD DoE approach for the pressure side coverts at a given angle
of attack (pressure and suction sides are the same with xp, and βp switched to xs, and βs). The central point is shown in black, and
the edge points are yellow. Extra axial points (orange) are added to detect non-linearities in fitted models later in the paper. Extra
level points (silver) are added to capture more details and help produce validation data sets.

selected points more than three times to ensure that
the averages had less than 5% variation between the
readings. Also, since the experiments were conducted
relatively quickly, blocking was unnecessary.

We used a nested face centered design (FCD) DoE
for the one-sided and double-sided covert-inspired
flap experiments. Nested FCD has been previously
applied and validated for wind tunnel experiments
[24, 25]. It can capture the non-linear behavior of the
response with changing parameters using the extra
level points. It also avoids over-fitting a model to a
smaller number of points in a conventional factorial
design. Figure 3 shows the nested FCD used to
determine the test matrix for the pressure side covert-
inspired flaps. The limits of the parameter space were
defined by the boundary points (yellow). Then a cent-
ral point was added to detect non-linearity (black).
Since the aerodynamic responses are mostly nonlin-
ear, we added axial points (orange) and extra level
points (silver) to improve the model quality. The test
matrix for the one-sided experiments was the same,
with a change in parameter from xp and βp for the
pressure side to xs and βs for the suction side. For
the one-side experiments, the limits of the covert-
inspired flap location were 20%c and 80%c, and the
deflection angle limits were 10◦–70◦. For each flap
configuration, the wing was swept throughα=−10◦

to α= 30◦. For the double-sided experiment, a four-
dimensional nested FCD was used to determine the
needed configurations covering the edge, central, and
axial points. Then, second-level points were added
to explore non-linearities and validate the derived

models. The location and deflection angle limits were
the same as the one-side experiments.

2.2. Results
The results from the wind tunnel experiments are
used to identify the effects of deploying the covert-
inspired flaps on one side compared to simultan-
eously deploying them on the suction and pressure
sides (Q1). More specifically, main effect plots are
used to compare the effects of simultaneously deflect-
ing pressure and suction sides covert-inspired flaps to
deflecting a flap on one side only. The main effects
plot shows a response’s change to an input parameter
while all other inputs are averaged. The responses
considered here are lift, drag, and pitching moment,
shown in figures 4 through 6, respectively, while the
input parameters are xp, βp, xs, and βs. Each subplot
has either a red line and shaded area for the pressure
side flap only experiment or a blue line and shaded
area representing the results for the suction side flap
only experiment. The two-sided experiment results
are shown using a black line and a grey shaded area in
each subplot. The lines in the figures indicate the aver-
age, while the shaded regions represent the responses’
range. Main effect plots are useful because they indic-
ate the sensitivity of the response to each input para-
meter. For example, the positive slope of the black
line in figure 4(a) indicates that pre-stall lift is sens-
itive to xp, while the nearly zero slope in figure 4(c)
indicates that pre-stall lift is not sensitive to xs. Thus,
in this case, xp is more effective in modulating lift
compared to xs. For each of the responses considered,
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Figure 4.Main effect plots for the lift coefficient for pre-stall (upper row) and post-stall (lower row) for each design parameter.
The baseline is represented using a dashed black line. The pressure side is red, the suction side is blue, and the simultaneous
deflection is solid black. The colored regions represent the range of the responses.

the main effects are plotted for two flight regimes,
namely pre-stall and post-stall. Each subplot, within
figures 4 through 6, has a dashed grey line to represent
the baseline experiment (i.e. the airfoil without any
covert-inspired flaps).

2.2.1. Lift
First, we examine the main effects of the pressure
side flap design parameters on lift. At pre-stall angles
of attack, figures 4(a) and (b), moving the pressure
side covert-inspired flap toward the trailing edge and
increasing its deflection angle leads to an average
increase in lift compared to the baseline. Thus, in pre-
stall conditions, a pressure side covert-inspired flap
deployed near the trailing edge acts similar to a tradi-
tional trailing edge flap. Post-stall lift is more sensit-
ive to the location xp than the deflection angle βp, as
indicated by the steeper slope of figure 4(e) compared
to figure 4(f). However, at post-stall, a pressure side
flap reduces lift on average compared to the baseline.
The maximum and minimum values of attainable
lift heavily depend on the flap’s location and deflec-
tion angle at pre- and post-stall angles of attack (red
shaded area in figures 4(a), (b), (e) and (f)).

As for the suction side flap, at pre-stall
(figures 4(c) and (d)), the lift is reduced compared
to the baseline. On average, the location parameter,
xs, cannot modulate lift as much as the deflection
angle, βs, as indicated by the slopes of figures 4(c)
and (d). The post-stall lift results for the suction side
flap (figures 4(g) and (h)) show that, on average,
the lift is insensitive to both βs and xs. However, the
response ranges show that specific configurations can
improve or reduce lift compared to the baseline. For

example, most post-stall lift improvement happens at
the trailing edge flap location (i.e. xs ⩾ 65%), which
is consistent with the literature [14, 26].

The average simultaneous deflection results
(figure 4, solid black lines) show that pre-stall lift
is most sensitive to changes in the pressure side
location, xp, and suction side deflection angle, βs.
Increasing the latter decreases lift, and moving the
former toward the trailing edge increases lift. It can
also be seen from the zero slopes in figure 4 that the
pre-stall lift is insensitive to the pressure side deflec-
tion angle, βp, and the suction side location, xs. As
for the post-stall lift, it is mainly the pressure side
location, xp, that controls the lift response. As xp
moves from the leading edge to the trailing edge,
the covert-inspired flap becomes more effective at
increasing lift. For both regimes, the shaded grey
regions show that for any given parameter, there is a
combination of parameters that can enhance, reduce,
or maintain lift compared to the baseline. The range
between the minimum and maximum lift values is
broad near both the leading and trailing edges and
narrow at intermediate locations. Finally, compared
to the one-sided experiments, the grey shaded region
is wider than the red or blue alone. This result shows
the advantages of the double sided or simultaneous
deflection of both suction and pressure side covert-
inspired flaps; deflecting both flaps together allows
for a wider range of response modulation.

2.2.2. Drag
Drag is the second response considered for the one-
and two-sided covert-inspired flaps experiments. We
first examine the main effects of the pressure side flap
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Figure 5.Main effect plots for the drag coefficient for pre-stall (upper row) and post-stall (lower row) for each design parameter.
The baseline is represented using a dashed black line. The pressure side is red, the suction side is blue, and the simultaneous
deflection is solid black. The colored regions represent the range of the responses.

design parameters. At pre-stall, on average, drag is
more sensitive to the flap deflection angle, βp than
the location xp (figures 5(a) and (b)). Further, the
response range, denoted by the red shaded region in
figures 5(a) and (b), is narrow when the flap is near
the leading edge or has a slight deflection angle. The
narrow band indicates small control authority over
the response in this area of the design space. For post-
stall, the drag response is sensitive to both the flap
location, xp, and deflection angle, βp (figures 5(e)
and (f)). Unlike pre-stall, the post-stall range is sig-
nificantly wider, with the maximum range observed
near the trailing edge, where the drag coefficient var-
ies from 0.2 to 1.2, indicating an order of magnitude
increase in drag which allows more control authority
over the response in the post-stall regime.

The drag response to the suction side flap design
parameters is represented by the blue lines and shaded
regions in figures 5(c), (d), (g) and (h). At pre-stall,
drag decreases as the flap location changes from the
leading edge towards the trailing edge, as indicated by
the negative slope in figure 5(c). Drag also increases
as the deflection angle, βs, increases (figures 5(c)
and (d)). At pre-stall, regardless of the specific flap
configuration, the blue line is higher than the dashed
baseline, indicating that the suction side covert flap
increases drag. At post-stall angles of attack, on aver-
age, drag is mostly insensitive to the flap location and
deflection angle, as indicated by the zero slope of the
blue lines in figures 5(g) and (h). Moreover, unlike
the pre-stall results, the average drag is less than the
baseline configuration. Combining the lower post-
stall drag with the previous observation of an average
higher post-stall lift indicates that suction side flaps

can improve aerodynamic efficiency at post-stall con-
ditions, confirming prior results about suction side
covert-inspired flaps [14].

The simultaneous flap deflection results at pre-
stall, indicated by the black lines and grey shaded
region in figure 5, show that the drag coefficient is
marginally sensitive to xp. In contrast, changing the
suction side flap location xs, from the leading edge
to the trailing edge decreases drag. While increasing
both deflection angles increases drag, as indicated by
the positive slopes in figures 5(b) and (d). At post-
stall, drag is sensitive to the pressure side variables, xp,
andβp, where an increase in the location or the deflec-
tion angle increases the drag. Suction side variables
have zero slopes, hence changes in both xs, and βs do
not change the average response of the simultaneously
deployed flaps. Similar to the lift results, the sim-
ultaneous deflection increases the response range of
drag. For example, in pre-stall, drag values range from
matching the baseline values to a maximum of an
840% increase, while in post-stall, the drag response
range includes flap configurations that can reduce the
drag by 60% to other configurations that can increase
drag by 200% compared to the baseline.

2.2.3. Pitching moment
The pitching moment completes the 2D picture of
the system’s response. Figure 6 shows the main effects
of the flap parameters on the pitching moment, cal-
culated at the quarter-chord of the airfoil. We first
examine the effect of the pressure side flap, rep-
resented by the red lines and shaded regions in
figures 6(a), (b), (e) and (f). At pre-stall, the quarter-
chord pitching moment coefficient is sensitive to xp
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Figure 6.Main effect plots for the pitching moment coefficient around the quarter chord point for each design parameter for
pre-stall (upper row) and post-stall (lower row). The baseline is represented using a dashed black line. The pressure side is red, the
suction side is blue, and the simultaneous deflection is solid black. The colored regions represent the range of the responses.

(figure 6(a)). However, it is insensitive to βp as indic-
ated by the zero slope of the red line in figure 6(b).
Moving the pressure side flap effectively changes the
airfoil camber. For example, moving the pressure side
flap towards the trailing edge increases the airfoil’s
effective camber, making Cm more negative. While
moving the flap toward the leading edge decreases
the effective camber, making Cm more positive. At
pot-stall, the pitching moment is still sensitive to xp.
However, unlike pre-stall, at post-stall, the pitching
moment is slightly sensitive to βp, where, by average,
increasing the deflection angle βp, increases Cm.

The pitchingmoment response to the suction side
flap design parameters is represented by the blue lines
and shaded regions in figures 6(c), (d), (g) and (h). At
pre-stall, the pitching moment coefficient response is
also a function of the location xs; however, the slope is
opposite to the pressure side. In other words, deploy-
ing suction side flaps near the trailing edge has a de-
cambering effect on the airfoil. Further, comparing
the shaded regions in figures 6(a) and (c), the suc-
tion side range band is significantly smaller than the
pressure side range band. Hence, the pressure side
flap is more effective in modulating Cm compared
to the suction side flap. Similar to the pressure side
flap, the pitching moment is insensitive to the suc-
tion side deflection angle (figure 6(d)). At post-stall,
the response has zero slopes in figures 6(g) and (h),
indicating that, on average, Cm is insensitive to both
xs, and βs. However, some configurations can pro-
duce pitching moments above or below the baseline,
as represented by the shaded regions in figures 6(g)
and (h).

The simultaneous deflection of the covert-
inspired flap at pre-stall, indicated by the black lines
in figure 6, shows that Cm, on average, is more sensit-
ive to the location variables than the deflection angles.
Moving the flaps from the leading edge towards
the trailing edge on the pressure and suction sides
increases and decreases the effective camber of the
airfoil, respectively (figures 6(a) and (c)). Moreover,
deflecting both the suction and pressure side flaps at
pre-stall angles of attack allows for a wider range of
modulating Cm as indicated by the area of the shaded
grey regions compared to the shaded blue and red
regions (figure 6). At post-stall, the pitching moment
is mainly controlled by the pressure side location xp.
The other parameters have a zero slope in the middle
of the design space and baseline values at the leading
and trailing edges (figures 6(f), (g) and (h)). Similar
to pre-stall, the black shaded regions show that the
simultaneous deflection always has a broader range of
response values compared to the pressure or suction
sides alone.

2.2.4. Aerodynamic characterization discussion
This section answers Q1 and Q2 posed in the intro-
duction. For all the measured responses (Cl,Cd, and
Cm), we show that the modulation range of simul-
taneously deflecting covert flaps is larger than one-
sided deflections. Thus, one possible hypothesis for
OBS 2 from Carruthers et al [5] is that birds deflect
covert feathers on both sides simultaneously dur-
ing flight to take advantage of the increased con-
trol range compared to the baseline or the one-sided
flaps.
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Table 1. Summary table of coverts control derivatives as approximate slopes of pressure and suction side variables for pre- and post-stall
flight regimes.

Pre-stall Post-stall

Cl

∂Cl
∂xp

> 0 ∂Cl
∂xs

≈ 0 ∂Cl
∂xp

> 0 ∂Cl
∂xs

≈ 0

∂Cl
∂βp

≈ 0 ∂Cl
∂βs

< 0 ∂Cl
∂βp

≈ 0 ∂Cl
∂βs

≈ 0

Cd

∂Cd
∂xp

≈ 0 ∂Cd
∂xs

< 0 ∂Cd
∂xp

> 0 ∂Cd
∂xs

≈ 0

∂Cd
∂βp

> 0 ∂Cd
∂βs

> 0 ∂Cd
∂βp

> 0 ∂Cd
∂βs

≈ 0

Cm

∂Cm
∂xp

< 0 ∂Cm
∂xs

> 0 ∂Cm
∂xp

< 0 ∂Cm
∂xs

≈ 0

∂Cm
∂βp

≈ 0 ∂Cm
∂βs

≈ 0 ∂Cm
∂βp

≈ 0 ∂Cm
∂βs

≈ 0

Second, we explored Q2 to understand which
parameters are most influential in the modulation of
lift, drag, and pitching moment. Results show that
flap design parameters can be effectively used as con-
trol knobs for the force and moment responses, with
some knobs being more effective than others. For
example, the pressure side location is the most effect-
ive knob as it can control lift, drag, and pitchmoment
in both the pre-stall and post-stall flow regimes. The
deflection angles mainly control the drag response,
and the interaction between xp and xs controls the
effective camber of the airfoil. Table 1 shows the aver-
age control derivative sign for each response with
respect to the experimental parameters for the pre-
stall and post-stall AoA regimes. The sign of the con-
trol derivatives indicates whether the response had a
direct (indicated by the+ve sign) or an inverse (indic-
ated by the −ve sign) relationship with the exper-
imental parameter. A zero control derivative sug-
gests the response is insensitive to the experimental
parameter.

The results discussed in this section support mul-
tiple observations fromCarruthers et al [5].We found
that leading edge pressure flaps at post-stall cause a
reduction in lift and increase the pitching moment,
causing a pitch-up attitude change. This finding sup-
ports OBS 1 and provides a possible explanation of
why birds deploy underwing lesser coverts in most
landing and perching maneuvers. Additionally, OBS
3 states that greater upperwing coverts deflect dur-
ing gusts. Gusts often increase the effective angle of
attack and cause a sudden increase in lift. Thus, dur-
ing gust encounters, it may be advantageous to reduce
lift. Our results indicate that trailing edge suction
side covert flaps, which are equivalent to the upper-
wing greater covert feathers, reduce lift at pre-stall,
supporting OBS 3. Finally, OBS 4 states that birds
deploy lesser underwing coverts at the end of a pitch-
up maneuver. Our results show that a pressure side
flap near the trailing edge, equivalent to lesser under-
wing coverts, decreases the pitching moment coeffi-
cient compared to the baseline, which would stop or
slow down a pitch-up maneuver providing a possible

explanation of the timing of the lesser underwing cov-
ert deployment during birds’ perching maneuvers.

While the aerodynamic characterization answers
Q1 and Q2, a more quantitative approach is needed
to functionally relate the measured response to
the experimental parameters. The following section
presents data-driven models. These models can be
used to quantify the interactions between the pres-
sure side and suction side flaps, Q3, and identify the
most significant parameters for controlling a given
response, Q2. Such knowledge can also be applied as
control laws for uncrewed aerial vehicles (UAVs) with
covert-inspired flaps control effectors.

3. Data drivenmodels

In this section, we derive aerodynamic models
describing the response parameters (Cl,Cd, and Cm)
as surface functions of the covert-flaps design para-
meters (i.e. xp,βp,xs, and βs) and the flow parameter
(α). These models serve two important functions.
First, they identify the covert-inspired flap paramet-
ers most effective in modulating a given response
(Q2). Second, the models determine the influence of
interaction terms on the aerodynamic response (Q3).
For example, they indicate whether simultaneous
deflection of suction and pressure flaps have addit-
ive effects that can bemodeled through the superpos-
ition of the one-sided flap models or if the interac-
tion terms have a significant effect on the response
and should be included explicitly in themodel. Linear
regression is used along with analysis of variance
(ANOVA) analysis to generate and assess the quality
of the aerodynamic models.

3.1. Regressionmethods
Stepwise regression, a type of linear regression, was
used to derive empirical models from quantitatively
analyzing response trends. In stepwise regression, the
model structure is changed and assessed while build-
ing the model. Hence, a good model can be found
without excess terms or overfitting [23]. This paper
used a minimum Bayesian Information Criterion
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Figure 7. Pre-stall lift coefficient for the second-order regression models versus the two most statistically significant terms. For the
pressure (a), suction (b), and two-sided (c) at βp = 40◦,xs = 50%c, and xs = xp = 50%c,βp = 40◦, respectively.

(min. BIC) as a stopping criterion for the stepwise
regression based on the maximum likelihood func-
tion, which penalizes the addition of unnecessary
terms in the model [23].

JMP Pro 16 was used for the regression and
ANOVA analysis. Different flow regimes have differ-
ent physical characteristics. Thus, the statistically sig-
nificant parameters are different for each response
and for each regime, and the analysis was, therefore,
divided into pre- andpost-stall for each response vari-
able. For this two-dimensional study, the response
variables were the coefficients of lift Cl, drag Cd, and
pitching moment Cmc/4

. Each response was assumed
to be affected by the variations in AoA, α, and the
covert-inspired flap’s locations xs, xp and deflection
angles βs, βp. A second-order response surface model
was used to model all pre-stall responses. Each pre-
and post-stall model was derived using only a 10%
and 50% random sample of the total experimental
data, respectively. Themodel was then validated using
the remaining 90% and 50% of the data. All the val-
idation points were in an independent data set that
was not used for modeling. Maintaining a second-
order model was preferred in this paper compared
to higher-order models, even with relatively low R2,
to maintain the physical meaning and facilitate the
understanding of the equations.

The significance of each term in the response
models was checked using the P-value with a set sig-
nificance level of 5%. The model quality was assessed
using the coefficient of determinationR2, the adjusted
coefficient of determination R2

adj, and residual plots.

R2 shows the improvement in the variation reduc-
tion of the modeled response versus the measured
response due to the model, while the adjusted coef-
ficient of determination R2

adj penalizes adding non-
significant terms to the model. Avoiding statistically
insignificant terms can ensure that the model is not
overfitted to a specific data set. Further, the resid-
uals were plotted against the predicted and actual val-
ues to test for randomness, and the normal quantile
plots were used to check for normality. More details

regarding the experimental design, linear regression,
and ANOVA analysis can be found in [23, 27].

3.2. Model results
3.2.1. Pre-stall
All models discussed here are shown in the appendix.
Each of the equations shown has units of degrees
for all angles (10◦,50◦, . . .) and chord percent for
the covert locations (20%, 50%, . . .). The final units
of the response are non-dimensional; hence to fix
the units to match, the units are absorbed in the
regression coefficients. The whole term (parameters
and regressors), not only the regressors, have to be
considered when comparing the contributions of dif-
ferent terms. The main effects terms, α, βp, and xp,
along with the second order α interaction terms are
the most significant for the pre-stall lift model for the
pressure side flap (equation (1)). In contrast, the pre-
stall suction side flapmodel (equation (2)) shows that
lift is driven by the angle of attack and the deflec-
tion angle βs. Figure 7 shows the lift response surface
for the pressure, suction, and simultaneous deflec-
tion experiments. The x–y plane axes are each experi-
ment’s two most statistically significant parameters.
The markers represent the measured values, while
the response surface is the functional representation
of the coefficient of the lift model. Figure 7 shows
that the combined effect of the simultaneous deflec-
tion is most affected by α, xp, and βs, which sup-
ports the results from the main effects in figures 4(a)
and (d). These models have R2 = 85% or more. Most
of the error is near the boundaries, where there is a
misalignment at the edges between the response sur-
face and themeasured data, most prominently shown
in figure 7(a) at (xp = 80%c,α= 15◦). This discrep-
ancy happens because the flap deployment reduces
the stall angle when deployed at the trailing edge,
which causes some interference between the pre- and
post-stall regimes.

Pre-stall drag for each side alone is a function of
the angle of attack α and the corresponding deflec-
tion angles (equations (5) and (6)). The significance
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Figure 8. Lift coefficient for the two-sides as predicted by the superposition of both the suction and pressure sides versus the wind
tunnel measured values. The dashed line is y = x for reference.

of the deflection angles is maintained for the sim-
ultaneous deflection experiment (equation (7)). As
βp and βs increase, drag increases linearly. However,
the model still has second-order interaction terms
and quadratic terms. Unlike drag, pre-stall pitching
moments are controlled mostly by the covert-flaps
location (equations (9)–(11)).

The two-sided lift, drag, and pitching moment
models (equations (3), (7) and (11)) include interac-
tion terms.However, we alsowanted to assess whether
a similar response can be predicted by superimpos-
ing the models of the single flaps. Using the lift as
an example, a linear regression approach was used
to fit Cl2sides in terms of Clp and Cls . The model is
then plotted against the measured values for the
simultaneous deflection experiment in figure 8. The
figure shows that 75% of the simultaneous deflec-
tion response can be captured using only a linear
combination of the suction and pressure responses
(equation (4)). The remaining 25% are hypothes-
ized to be emerging properties in the two-sided sys-
tem, such as the interaction terms shown in the two-
sided model (equation (3)), such as βpβs, and βsxp.
Similarly, for drag, the interaction terms are signific-
ant and carry a lot of information; hence, a linear
superposition of the drag’s pressure and suction sides

models can only capture 67%of the two-sided experi-
ment (equation (8)). Unlike lift and drag, the pre-stall
pitching moment simultaneous deflection model can
be predicted using the superposition principle with
an R2

adj = 95.27 (equation (12)).

3.2.2. Post-stall
At post-stall, for the pressure side flaps, the location
is the main parameter for lift control, along with the
interaction of the location and deflection angle (xpβp)
(equation (13)). For the suction side, the location, xs,
and the interaction term αβs are the most signific-
ant terms in the lift model (equation (14)). For the
two-sided deflection, both pressure and suction terms
are significant. However, the pressure terms are more
prominent (equation (15)).

At post-stall, the dragmodel of the airfoil with the
pressure side flap is a strong function of the angle of
attack and the flap location rather than the deflection
angles (equation (17)). For the suction sideα andαxs
are the driving terms (equation (18)). The two-sided
drag model has pressure side terms as leading terms
(equation (19)), which supports results from previ-
ous sections (figures 5(e) and (f)). All drag models
have a prediction power of more than 90%. Finally,
the pressure side pitchingmomentmodel at post-stall
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maintains its dependence on the pressure side flap
location. However, the suction side’s most significant
term is the angle of attack (equations (21)–(23)).

Similar to the post-stall drag, the pitching
moment two-sided deflection is mainly driven by
the pressure side terms (figures 6(e) and (f)). Most
of the suction side terms are statistically insignific-
ant. At post-stall, the superposition holds well for
all response variables, predicting more than 80% of
the lift and pitching moment and 94% of the drag
(equations (16), (20), and (24)).

3.2.3. Data-driven modeling discussion
This section derived the lift, drag, and pitching
moment models for the airfoil with one- and two-
sided covert-inspired flaps. The section also examined
the validity of applying the superposition of the one-
sided flap models to predict the two-sided response.
Themodels show that at pre-stall, the lift is controlled
by the angle of attack interactions with the suction
side flaps, the drag is controlled by the deflection
angles, and the flap locations control the pitching
moment. At post-stall, the effect of the pressure side
is more critical than the suction side, especially in the
drag and pitching moment. Finally, we show that the
superposition principle works sufficiently well as a
predictor for all the post-stall responses and the pitch-
ingmoment response for both regimes. In contrast, in
the pre-stall regime, the interaction terms carry signi-
ficant information for lift and drag.

4. Case study: covert-inspired flaps as yaw
control devices

4.1. Problem setup
The previous sections discussed the sensitivities of
the aerodynamic forces and moments to the covert-
inspired flap system design parameters through main
effects plots and data-driven models. This section
presents a case study to showcase the selection pro-
cess for a flap configuration to meet a desired per-
formance metric. More specifically, we chose a case
study of using the covert-inspired flaps as yaw control
devices at a given trim condition. Thus, the object-
ive of this case study is to choose a covert-inspired
flaps configuration that maximizes drag and main-
tains lift with respect to a baseline configuration fly-
ing at a trim angle of attack of 8◦. Maintaining lift is a
critical requirement as it prevents undesirable rolling
moments.

4.2. Choice of covert-inspired flap locations
Figures 9(a) and (b) are configuration choice plots,
showing the experimentally measured lift and drag
coefficients, respectively, at α= 8◦. Each plot has the
location parameters, xp and xs, plotted on the main x

and y axes, respectively. Each inset plot has the deflec-
tion angles,βp, andβs, on its x and y axes. The percent
improvement (or deficit) as compared to the baseline
is represented by the color.

The change in lift at this angle of attack ranges
between a 120% deficit to a 25% improvement
depending on the location (figure 9(a)). It is also
symmetric about xs = 50%c, with lift increasing as xp
moves toward the trailing edge. For every inset plot
(configuration), lift increases as βp increases and βs
decreases. A baseline matching value can be obtained
for xp = 80%c. As for the drag (figure 9(b)), its range
can be varied from baseline levels to an eight-times
increase in magnitude. Drag increases as xs moves
from the trailing edge to the leading edge, and for
a specific location configuration, it increases as both
deflection angles increase. A maximum value of drag
increase can be obtained at xs = 20%c. Combining
both results, the suggested configuration to maxim-
ize drag and maintain lift, corresponding to modu-
lating yaw while maintaining roll, is a pressure side
flap located near the trailing edge and a suction side
flap located near the leading edge (i.e. xp = 80%c,
xs = 20%c).

A quantitative method of choosing the configura-
tion can be applied by using JMP’s prediction profiler,
where the data-driven models are used with a cost
function to produce an optimized response. We will
again fix the trim condition at α= 8◦. The object-
ive cost functions are set to maximize the drag coef-
ficient and match the baseline lift coefficient value.
Given these objectives, the prediction profiler calcu-
lates a desired configuration of xp = 80%c, βp = 70◦,
xs = 20%c, βs = 54.5◦, which is similar to the config-
uration selected based on the experimental data plot-
ted in figure 9. This configuration has the suction side
flap located near the leading edge to drive the high
drag response, mainly through the disruption of the
suction peak. Moreover, the pressure side location is
near the trailing edge because that is the most effect-
ive place to put a flap, according to the thin airfoil
theory. This location gets the highest lift response,
which counteracts the loss in lift due to the suction-
peak reduction. As for the deflection angles, the final
values are balanced such that the lift gains from the
pressure side flap counteract the lift losses from the
suction side flap.

At the optimal configuration, predicted by the
profiler, the drag coefficient ismaximized to a value of
0.59 compared to the baseline value of 0.07, which is
more than eight times the baseline value. At that con-
figuration, the lift is reduced from the baseline value
of 0.91 to 0.58. This solution has the best desirability
compared to other solutions in the parameter space.
However, the baseline lift values can be matched with
a larger area covert-inspired flap or allowing larger
pressure side flap deflection angle. The former was
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Figure 9. Configuration selection plots. The primary x-axis of each plot is the pressure side location xp, the primary y-axis is the
suction side location xs. Pre-stall percent change in Cl (a) and Cd (b) with respect to the baseline are shown for a trim angle of
α= 8◦. Each subplot represents the combination of deflection angles βs vs βp. All data shown are linear interpolations for
experimental results.

tested in another experiment and showed matching
values for the lift.

5. Conclusion

Inspired by observations of the covert feather deploy-
ment during bird flight, we designed a covert-inspired
flap system to investigate the effect of deploying
covert-inspired flaps on the suction side, pressure
side, and both sides of a wing section. We varied the
flaps’ chord-wise location, deflection angle, and the
wing’s angle of attack. The study answers three main
questions related to the simultaneous deflection of
suction side and pressure side flaps. More specifically,
the study answers the following questions:

Q1 What is the effect of the simultaneous static
deflection of pressure and suction covert-inspired
flaps on the aerodynamic forces and moments
compared to a single-sided flap alone?

Ans: Results show that the simultaneous deflection
of suction and pressure side flaps is more ana-
logous to the behavior observed in nature.
Simultaneously deflecting flaps on an airfoil’s
suction and pressure sides produces a broader
control range over the aerodynamic forces and
moments compared to a one-sided flap alone.

Q2 Which flap parameters are most effective at mod-
ulating the aerodynamic forces and moments?

Ans: In general, the lift force changes are most sens-
itive to the location of the pressure side flap
and the deflection angle of the suction side
flap. Drag is most sensitive to the pressure side
deflection angle. The flaps generally increase
drag pre-stall, but some flap configurations
decrease drag at post-stall angles of attack. The
pitching moment results show that the suction
side flap has a de-cambering effect, while the
pressure side flap effectively increases the cam-
ber. The pitching moment is more sensitive to
the pressure side flap than the suction side flap
and more sensitive to location changes than the
deflection angle changes.

Q3 What are the interactions between the suc-
tion and pressure side covert-inspired flaps, are
the flap effects purely additive, or do interac-
tions between both flaps govern the aerodynamic
response?

Ans: One of the article’s contributions involved
deriving data-driven models to relate the
flap design parameters to the aerody-
namic response quantitatively. The mod-
els confirmed the finding of the wind tun-
nel results, identifying the most significant
flap parameters for a given response. The
data-driven models also indicate significant
interactions between the suction and pressure
side flaps, especially during the pre-stall regime
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for the lift and drag response, such that these
responses cannot be fully predicted by simply
superimposing the one-sided flap models.

The findings of this paper are relevant in providing
insights into the role of covert feathers during bird
flight. For example, our results indicate that simul-
taneously deploying suction and pressure side coverts
allow for a broader range of modulating the aerody-
namic forces and moments. Thus, the simultaneous
deployment of covert feathers in nature can suggest
that both suction and pressure side coverts enable
birds to repeatedly perform various maneuvers, such
as landing, gliding, and perching. In addition to for-
mulating new hypotheses about the coverts role in
bird flight, the current study can be utilized to develop
a framework to design covert-inspired flow and flight
control systems for UAVs operating similar Reynolds
number regimes. The case study presented in the art-
icle shows the feasibility of using covert-inspired flaps
as yaw control devices. This study is the first step
in developing a complete framework for active bio-
inspired flight control devices. Future work includes
wider variations in the design parameter space
and dynamic characterization of the covert-inspired
flaps.
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Appendix

preClp =−0.514+ [−544.0α2 − 44.6αβp + 71.0αxp

+ 9880.0α− 15.6β2
p

+ 2250.0βp − 8.07x2p + 1510.0xp]× 10−5

R2
adjmodel

= 98.79%−R2
adjvalidation = 86.87% (1)

preCls = 0.0967+ [5540.0α− 1530.0βs − 286.0xs

− 34.9αβs + 63.3αxs − 3.97βsxs

+ 11.8β2
s ]× 10−5

R2
adjmodel

= 99.59%−R2
adjvalidation = 98.56% (2)

preCl2sides = 0.273+ [578.0βp − 3980.0α− 1330.0βs

+ 420.0xp − 584.0xs − 37.1αβp + 54.7αxp

+ 81.3αxs − 5.22βpβs + 9.1βpxp − 6.8βsxp

+ 195.0α2 + 10.7β2
s ]× 10−5

R2
adjmodel

= 95.11%−R2
adjvalidation = 90.36% (3)

preCl2sides =−0.233+ 0.541Cls + 0.499Clp

R2
adjmodel

= 72.75%−R2
adjvalidation = 74.76% (4)

preCdp = 0.00673+ [32.5α2 + 14.6αxp − 645.0α

− 1.0β2
p + 323.0βp − 1.28x2p + 98.8xp]× 10−5

R2
adjmodel

= 97.89%−R2
adjvalidation = 95.73% (5)

preCds = 0.02760+ [541.0α+ 332.0βs + 23.0xs − 8.55αxs

− 1.61βsxs + 27.1α2]× 10−5

R2
adjmodel

= 98.16%−R2
adjvalidation = 98.07% (6)

preCd2sides =−0.144+ [1010.0α+ 426.0βp + 689.0βs

+ 256.0xp + 79.7xs − 10.2αβp − 8.14αβs

+ 14.5αxp − 16.2αxs + 1.64βpβs − 1.71βpxs

− 2.47βsxs − 2.66β2
s − 2.33x2p + 0.322x2s ]×10−5

R2
adjmodel

= 96.55%−R2
adjvalidation = 94.44% (7)

preCd2sides = 0.0103+ 1.15Cds + 0.729Cdp

R2
adj = 67.82% (8)

preCmp = 0.0482+ [66.3α2 − 10.4αxp − 82.0α

+ 2.23β2
p − 1.32βpxp − 181.0βp

− 3.09x2p + 102.0xp]× 10−5

R2
adjmodel

= 98.14%−R2
adjvalidation = 82.16% (9)

preCms =−0.0998+ [281.0α− 35.6βs + 22.4xs

− 8.16αxs + 4.24βsxs − 1.78β2
s

+ 1.4x2s ]× 10−5

R2
adjmodel

= 98.36%−R2
adjvalidation = 92.97% (10)

preCm2sides =−0.0182+ [1540.0α+ 27.2βp − 50.9βs

+ 81.0xp − 38.5xs − 8.73αxp − 5.27αxs

− 3.82βpxp + 2.28βpxs + 2.1βsxs

+ 2.57xpxs − 42.0α2 − 3.15x2p]× 10−5

R2
adjmodel

= 89.95%−R2
adjvalidation = 84.09% (11)
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preCm2sides = 0.0821+ 1.06Cms + 1.11Cmp

R2
adj = 95.27% (12)

postClp = 2.18+ [20.5βpxp − 1290.0βp − 553.0xp

− 26.7αxp − 11400α+ 258.0α2 + 12.5x2p]10
−5

R2
adjmodel

= 86.86%−R2
adjvalidation = 81.33% (13)

postCls = 0.0282+ [4490.0α− 2090.0βs + 1170.0xs

+ 70.3αβs − 49.6αxs

+ 5.42βsxs − 86.4α2]× 10−5

R2
adjmodel

= 74.30%−R2
adjvalidation = 65.74% (14)

postCl2sides = 1.05+ [156.0xp − 1190.0βp − 1110.0βs

− 2840.0α+ 493.0xs + 33.9αβs − 34.5αxp

− 24.9αxs + 17.7βpxp + 4.82βsxs

+ 93.5α2 + 8.4x2p]× 10−5

R2
adjmodel

= 83.93%−R2
adjvalidation = 80.16% (15)

postCl2sides =−0.371+ 0.555Cls + 0.893Clp

R2
adj = 86.97% (16)

postCdp = 0.120+ [1570.0α− 137.0βp − 979.0xp

+ 24.9αxp + 9.99βpxp

+ 5.21x2p]× 10−5

R2
adjmodel

= 93.66%−R2
adjvalidation = 91.67% (17)

postCds =−0.106+ [2440.0α+ 222.0βs − 395.0xs

− 9.27αβs + 13.2αxs

+ 1.09x2s ]× 10−5

R2
adjmodel

= 96.79%−R2
adjvalidation = 96.30% (18)

postCd2sides = 0.489+ [320.0βs − 90.8βp − 1620.0α

− 886.0xp − 203.0xs − 11.0αβs

+ 17.8αxp + 9.53αxs + 7.88βpxp

− 1.19βsxs + 67.0α2

+ 6.51x2p]× 10−5

R2
adjmodel

= 93.36%−R2
adjvalidation = 92.83% (19)

postCd2sides = 0.0395+ 0.0831Cds + 0.868Cdp

R2
adj = 94.82% (20)

postCmp =−0.107+ [384.0βp − 1090.0α+ 903.0xp

+ 15.5αxp − 6.39βpxp − 12.6x2p]× 10−5

R2
adjmodel

= 86.34%−R2
adjvalidation = 80.97% (21)

postCms = 0.227+ [158.0βs − 3060.0α+ 99.5xs

− 5.88αβs + 59.7α2 − 1.2x2s ]× 10−5

R2
adjmodel

= 74.70%−R2
adjvalidation = 76.56% (22)

postCm2sides =−0.0737+ [335.0βp − 1030.0α+ 780.0xp

+ 14.7αxp − 5.38βpxp − 11.7x2p]× 10−5

R2
adjmodel

= 80.96%−R2
adjvalidation = 80.90% (23)

postCm2sides = 0.0202+ 0.174Cms + 0.954Cmp

R2
adj = 93.20% (24)
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