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Abstract
Aerodynamic efficiency behind the annual migration of monarch butterflies, the longest among
insects, is an unsolved mystery. Monarchs migrate 4000 km at high-altitudes to their overwintering
mountains in Central Mexico. The air is thinner at higher altitudes, yielding reduced aerodynamic
drag and enhanced range. However, the lift is also expected to reduce in lower density conditions.
To investigate the ability of monarchs to produce sufficient lift to fly in thinner air, we measured the
climbing motion of freely flying monarchs in high-altitude conditions. An optical method was used
to track the flapping wing and body motions inside a large pressure chamber. The air density inside
the chamber was reduced to recreate the higher altitude densities. The lift coefficient generated by
monarchs increased from 1.7 at the sea-level to 9.4 at 3000 m. The correlation between this increase
and the flapping amplitude and frequency was insignificant. However, it strongly correlated to the
effective angle of attack, which measures the wing to body velocity ratio. These results support the
hypothesis that monarchs produce sufficiently high lift coefficients at high altitudes despite a lower
dynamic pressure.

1. Introduction

Insects including butterflies rely on flapping motions
to generate lift which is enhanced due to several
unsteady mechanisms [1–4]. Butterflies have a large
pair of flexible wings relative to their body [5] which
flap at a relatively low frequency compared to fruit
flies and bumblebees. Their low flapping frequency
dynamics are closely coupled to instantaneous aero-
dynamics [6–11].

An amazing feat accomplished by the monarchs is
their annual migration. Monarch butterflies fly from
eastern North America to high mountains of Cen-
tral Mexico in the fall [12], the longest migration
among insects [13, 14]. During the course of three
months [13, 15, 16], hundreds of millions of monar-
chs migrate a distance of 4000 km, which translates
to about 80 million times their average body length.

In comparison, 80 million times the average human
height yields a distance of 140 000 km, which is about
3.5 times the circumference of the Earth. This nor-
malized range exhibited by the monarchs is orders
of magnitudes longer than those of man-made air-
craft. For example, the longest passenger aircraft route
is 15 344 km from New York to Singapore, which is
approximately 229 000 Airbus A350 body lengths.

Unable to obtain significant nectar during the
winter, monarchs depend on their stored lipid
reserves for at least three months during their
overwintering period [15]. Furthermore, the high-
altitude forest ecosystem of their overwintering sites
is believed to lower their metabolic rates [13, 15].
A study of the monarch genomes found that the
strongest signatures of selection associated with
migration center on flight muscle function, result-
ing in a greater flight efficiency [17]. These findings
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Figure 1. Altitudes achieved by monarch butterflies during migration and the corresponding density profile. Red open circles
denote altitudes considered in the current study and blue dots indicate the reported monarch sighting altitudes [14]. Reproduced
from [58–60]. CC BY 4.0.

suggest that their motion at these high-altitudes is
highly efficient. However, the aerodynamic mecha-
nism behind the long-range migration is inadequately
understood.

Glider pilots have spotted migrating monarchs
as high as 1250 m [14, 18]. All of their overwinter-
ing sites in Mexico are located at altitudes between
2900 m and 3300 m [19–21]. Monarchs migrating
at high-altitudes [14, 18] can benefit from Earth’s
boundary layer [22]. Furthermore, at an altitude of
3000 m, the air density is only 76% of the density at
the sea level (figure 1). The aerodynamic drag, which
is proportional to the air density, decreases with alti-
tude. A minimal aerodynamic drag is critical to enable
the long-range migration. An intriguing part of this
problem is that the lift, required to stay aloft during
the long-range migration, is also expected to decrease
proportionately to the lower density at higher alti-
tudes. Butterflies rely on intermittent flapping and
gliding [23, 24] to generate propulsive forces, which
are inherently coupled to the drag. On the other hand,
man-made aircraft and helicopters use engines to pro-
duce thrust, a fundamentally different mechanism
and independent from aerodynamic force generation
on the wings. This study is driven by the hypothesis
that the monarch butterflies generate higher lift coef-
ficients at higher altitudes to compensate for the lower
density.

Most insect motion measurements that consider
tethered flight [25] or hover flight [26] do not rep-
resent the actual motion in free flight [27, 28]. The
main difficulty in the conventional method [29, 30]
to record kinematic data of a freely flying insect is that
it must fly through a relatively small volume that is in
full camera view, not suitable for measuring freely fly-
ing monarchs. Monarchs are relatively slowly flapping
(10 Hz), large (5 cm wing length) butterflies, requir-
ing a large capture volume to record the motion.
Furthermore, the literature lacks data on freely fly-
ing monarchs in high altitude conditions as the high
altitude conditions are not easily reproduced.

To study the effects of a high-altitude environment
on the lift, we measured the free flight of monarchs in
a large pressure chamber. The air density inside the
chamber was reduced to simulate high-altitude con-
ditions between 193 m (Huntsville, AL) and 3000 m
(characteristic of overwintering sites in Mexico). In
this study we focused on flapping climbing trajec-
tories. Climbing is an energetically costly mode of
locomotion [31]. We aimed to observe and investi-
gate the ability of monarch butterflies to produce lift
to climb against gravity. An optical method was used
to observe the wing and body motion and the data
was used to calculate the resultant flapping angle and
forces acting on the butterfly [32]. The wing and body
pitch angles as well as passive deformations that can
play an important role in the monarch flight were not
measured in this study. Rather, we aimed to measure
the lift, the resultant force component normal to the
trajectory, directly calculated from the measured tra-
jectory and equations of motion without relying on an
aerodynamics model. A statistical method was used
to test the significance of the flapping angle, effective
angle of attack due to the body undulation, and lift
coefficient with the altitude.

2. Materials and methods

2.1. High-altitude pressure chamber
The free flight measurements of monarch butter-
flies were conducted in the University of Alabama
in Huntsville Propulsion Research Center pressure
chamber (figures 2(a) and S1 in online supplemen-
tary material (https://stacks.iop.org/BB/16/034002/
mmedia)). The chamber is capable of achieving
high vacuum and can maintain a base pressure of
10−10 atm.

We considered the density conditions correspond-
ing to the altitude of the experimental facility in
Huntsville, AL (h = 193 m above sea level), an
intermediate altitude (h = 1800 m) to simulate the
effects of the altitude on the flight of monarch
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Figure 2. Experimental setup, body and wing kinematics. (a) The butterflies are remotely released in the pressure chamber with
motion tracking cameras. (b) Reflective markers are placed on the monarch butterfly wings and body to record their positions.
(c) Body position and its projection on the orthogonal planes, (d) thorax vertical position, and (e) flapping angle γ of an example
trajectory at an altitude of 3000 m.

butterflies, and the altitude (h = 3000 m) for the
overwintering mountains in Central Mexico. The
density ρf decreases from 1.2 kg m−3 at h = 193 m
to 1.03 kg m−3 and 0.91 kg m−3 at h = 1800 m and
h = 3000 m, respectively [33]. We first recorded the
temperature inside the chamber for each altitude.
Based on the temperature and the desired air den-
sity at the considered altitude per standard atmo-
spheric table [33], we calculated the required chamber
pressure using the ideal gas law. We used a pump to
control the pressure inside the chamber.

2.2. Butterfly morphology
Monarch butterflies were released remotely inside the
pressure chamber. The monarch butterflies (Dannaus
plexippus) were purchased from Swallowtail farms.
The butterfly handling procedures and optical motion
tracking procedures are described in our previous
study [32]. Four monarch butterfly specimens were
used in this study (table 1). Our observation of freely
flying monarchs suggests that the monarchs fly with
their wings in the overlapped configuration. There-
fore, we chose the wing area of all four wings in the
overlapped configuration (figure 2(b)) as the wing
area S, which was S = 29 × 10−4 m2 on average. The
average length of the right forewing was R = 53 ×
10−3 m, defined as the distance between the wing root
and the wing tip. The mean chord was cm = S/(2R) =
27 × 10−3 m. The average non-dimensional radius
to the second moment of wing area for the right

forewing was r̂2 = 0.53, an important flapping wing
aerodynamics metric [34]. The average butterfly
weight with markers was W = 5.5 mN. The average
aspect ratio of the forewing and wing loading were
AR = (2R)2/S = 4 and W/S = 2 N m−2, respectively.

2.3. Optical marker placement and
measurements
We attached reflective rectangular markers of
2 × 3 mm size, weighing 1.5 mg, to the wings on
both the dorsal and ventral sides to capture wing
motion in both up and down strokes (figure 2(b)).
Two circular markers with a diameter of 1.8 mm and
weight of 0.29 mg each were placed on the thorax and
two more circular markers of the same size and weight
were placed on the abdomen of the butterfly using
very small amounts of cyanoacrylate. Ten VICON
T40s cameras were installed inside the pressure
chamber (figure 2(a)) to track the reflective marker
positions and capture the three-dimensional body
trajectory and wing kinematics inside the chamber at
a sampling rate of 200 Hz for 15 s (figures 2(c)–(e)).

We recorded 81 trajectories from 19 butterfly
specimens. We only considered flight measurements
that were at least three consecutive flapping cycles
long (figure S2 in online supplementary material).
The climb angle θ (figure 3) was calculated based
on end points of the trajectory. In order to com-
pare kinematics for similar trajectories and, hence,
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Table 1. Morphological parameters for four monarch butterfly specimens. The fore and hindwing areas are denoted
by SFW and SHW, respectively.

Wing area (×10−4m2)

W (mN) R ( ×10−3m) SFW SHW S cm (×10−3 m) W/S (N m−2) AR r̂2

5.3 52 22 18 32 31 1.7 3.4 0.54
5.8 54 21 14 34 32 1.7 3.4 0.54
5.7 52 17 13 26 25 2.2 4.1 0.54
5.2 52 15 12 22 21 2.3 4.9 0.51

Figure 3. A schematic showing the definition of the lift and thrust. (a) We first determine the vertical plane containing the end
points of the thorax trajectory where i, j, k are the unit vectors of the reference frame. (b) The lift L and thrust T are determined
by considering the dynamic equilibrium of the butterfly with a climb angle θ on the vertical plane.

similar lift magnitudes, we chose trajectories with
climb angle between 11 to 15 deg. Among these, we
considered those trajectories which exhibit minimum
turning. The roll motion along the longitudinal axis
of the body can be assumed to be minimal for straight
trajectories without significant lateral turning. Thus,
the left and the right wing motions can be assumed
to be symmetric about the longitudinal plane. There
were four trajectories of the four butterfly specimens
(table 1) that met these conditions.

The positions of missing marker data points were
estimated using a cubic spline interpolation method.
Among the four trajectories considered, the range of
interpolation required for the markers varied between
2% and 38% of the three flapping cycles. The dif-
ference in the mean flapping angle in three flapping
cycles due to the uncertainty of thorax marker choice
was 0.44%. The data were filtered using a Butterworth
fourth order filter with a cutoff frequency of 35 Hz to
remove high frequency noise.

2.4. Calculation of wing kinematics and body
motion
Figure 2(c) shows the three-dimensional trajectory
recorded inside the pressure chamber at density alti-
tude of 3000 m with a climb angle of 12 deg. We
calculated the thorax velocity from the position of
the thorax marker. The thorax velocity V for a single
flapping cycle was determined by considering the end
points of the thorax trajectory of the flapping cycle.
Note that the environmental differences between con-
trolled and natural conditions can have certain influ-
ences on flight speed of butterflies [35]. We applied

the second order central difference scheme twice on
the instantaneous interpolated and filtered position of
thorax marker to determine its instantaneous acceler-
ation. All observed trajectories of the thorax followed
an undulating path (figure 2(d)).

The left and right forewing tip markers in com-
bination with the thorax marker were used to calcu-
late the angle between the left and the right forewings
(figure S3 in online supplementary material). The
flapping angle γ was defined as half of the angle
between the left and right forewings. The flapping fre-
quency f was determined using a fast Fourier trans-
form of the flapping angle time history. The flapping
amplitude was calculated as γa = (γmax − γmin)/2,
where γmin and γmax are the flapping angles at the
beginning and end of the downstroke, respectively.
The flapping angle γ (figure 2(e)) was nearly sinu-
soidal with a peak at the end of the downstroke.
The flapping angle was approximated as a first order
harmonic γFH(t) = γa cos(2πft) in our analysis.

2.5. Calculation of lift and thrust forces in
climbing trajectory
The acceleration of the thorax A was multiplied by
the butterfly mass m and added to the weight to
obtain the resultant force acting on the butterfly as
F = mA + mgk (figure 3), where g is the gravita-
tional acceleration. To calculate lift and thrust, we
first determined the vertical plane that includes k
and the straight line (figure 3(a)) joining the tra-
jectory end points for each motion cycle. The lift
L is the component of F normal to this line in the
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Figure 4. Variation of body and wing motions with altitude. Mean and 95% confidence intervals (standard error) for the
(a) thorax velocity magnitude |V |, (b) dynamic pressure q, (c) flapping amplitude γa, and (d) flapping frequency f are shown at
each altitude h. The sample size n which corresponds to the number of individual cycles is n = 3 at h = 193 m and h = 3000 m
and n = 6 at h = 1800 m.

vertical plane and the thrust T is the component tan-
gential to this line (figure 3(b)). This direct method
avoids influences from modeling uncertainties asso-
ciated with the existing flapping wing aerodynamics
models including the Navier–Stokes equation mod-
els. These models calculate the lift and drag based on
the wing motion. However, the effects of wing flexibil-
ity or coupling to body dynamics on the calculation of
lift are very difficult to model.

We computed cycle-averaged quantities, denoted
by 〈•〉, separately for each individual flapping cycle
from the time histories (figure S4 in online supple-
mentary material). The mean quantities, denoted by
•̄, are arithmetic means of a cycle-averaged quantity
over the number of flapping cycles at the considered
altitude.

2.6. Statistical data analysis
We used four butterfly specimens in the current study:
one specimen each at 193 m and 3000 m, and two
specimens at 1800 m. A linear mixed-effect model
with a butterfly as a random effect was used to
determine differences in dependent variables across
three altitudes. The mixed-model with butterfly as a
random effect allows for repeated measures within
butterfly. An individual butterfly was chosen as the
random effect because the dataset consisted of clusters
of repeated measurements using an individual butter-
fly specimen. Data were analyzed using Stata statisti-
cal analysis software (Version 14.0; StataCorp, College

Station, TX, USA). Statistical significance was set at
0.05 for all analyses (two-tailed).

3. Results and discussion

3.1. Effects of wing/body kinematics
Using a linear mixed-effect model with the butter-
fly as a random effect (section 2.6), an increase in
altitude between 193 m and 3000 m resulted in a
decrease in the mean thorax speed |V | (figure 4(a))
from 1.3 m s−1 to 0.8 m s−1 (z = −2.87, p = 0.004,
95% CI = [−0.000 29,−0.000 05]). The resulting
dynamic pressure q = 0.5ρf |V |2 (figure 4(b)) also
decreased with altitude. The mean flapping amplitude
of the right forewing remained within an interval of
γa = 60 deg and γa = 68 deg (z = 1.26, p = 0.209,
95% CI = [−0.001 71, 0.007 83]) between 193 m
and 3000 m (figure 4(c)). The change with alti-
tude was not statistically significant. The mean flap-
ping frequency showed a minor variation between
10.9 Hz and 10.4 Hz (z = −2.20, p = 0.028, 95%
CI = [−0.000 40,−0.000 02]), indicating that the
altitude effects on flapping frequency was minimal
(figure 4(d)).

The first natural frequency of the wing f1, which is
a structural parameter related to the monarch wings,
only depends on the wing structure and is unaffected
by the surrounding fluid density. Hence the frequency
ratio f/f1 [36] remains unaffected by the change in
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Figure 5. Variation of non-dimensional parameters with altitude. Mean and 95% confidence intervals (standard error) for the
(a) Reynolds number Re, (b) Strouhal number St (c) lift coefficient CL and thrust coefficient CT. Statistical results are provided in
table 2.

air density with altitude. In addition to this inertial
effect, the structural dynamics response of the highly
flexible monarch wing is influenced by the aerody-
namic forces including the added mass. For example,
the non-dimensional relative wing deformation δ =

2(1 + π/(4ρ∗h∗
s ))/(k(( f1/f )2 − 1)), where ρ∗ = ρs/ρf

and h∗
s = hs/cm, measures the interplay between the

inertial, added mass, and structural dynamic balance
[37, 38]. This scaling parameter depends on the air
density ρf and we expect the wing motion and the
aerodynamic performance to be affected by the air
density.

That said, all observations of the monarch
flight characteristics reported in this study includes
any effects of the fluid–structure interaction. For
example, the flapping angle γ (section 2.4) includes
the outcome of the effects of the wing deformation
due to wing flexibility. Furthermore, the resulting lift
and thrust were calculated based on the dynamics
of the monarch flight, including the effects of wing
flexibility as discussed in section 2.5.

3.2. Aerodynamics coefficients, Reynolds number
and effective angle of attack
We used the flight velocity measured at the body as the
reference velocity scale consistently throughout the
study in the definition of relevant non-dimensional
parameters. This choice is consistent with other stud-
ies of flying animals in forward flight [39–44]. More-
over, the body velocity can be used to characterize the
gliding flight of the monarchs, whereas a wing velocity
scale cannot be used. In flapping wing aerodynamics
studies that consider hovering flight, the wing velocity
is used as the reference velocity. In these studies, the
main aerodynamic force of interest, e.g. lift in hover,
averaged over a flapping cycle is perpendicular to the
wing motion. On the other hand, we focused on the
monarch lift generation, where the lift is perpendicu-
lar to the body velocity (figure 3(b)) [45], a situation
similar to that of aircraft aerodynamics. This lift is
parallel to the wing motion.

The Reynolds number (figure 5(a)), a key non-
dimensional variable, is calculated based on mean
chord cm and body velocity as Re = ρf |V|cm/μ,
where μ is the dynamic viscosity. The Reynolds

Table 2. Mean kinematic and aerodynamic quantities for the
three altitudes.

Altitude h (m)

193 1800 3000 z p-value

γa (deg) 60 71 68 1.26 0.209
f (Hz) 10.9 10.4 10.3 -2.20 0.028
|V | (m s−1) 1.3 1.2 0.8 -2.87 0.004
CL 1.7 3.0 9.4 3.30 0.001
CT 0.4 0.7 0.3 -0.05 0.957
αeff (deg) 35 37 43 2.89 0.004
R̄e 2588 1911 850 -3.65 < 0.001
S̄t 0.41 0.47 0.64 3.17 0.002

number decreased from R̄e = 2588 at h = 193 m to
R̄e = 850 at h = 3000 m (z = −3.65, p < 0.001, 95%
CI = [−0.926 09,−0.279 54]).

The ratio between the mean wing speed at r2 and
the body velocity is measured by the Strouhal number
St = 2fr2 sin(γa)/|V| [46, 47] (figure 5(b)). Strouhal
number increases from S̄t = 0.41 at h = 193 m to
S̄t = 0.64 at h = 3000 m (z = 3.17, p = 0.002, 95%
CI = [0.0003, 0.000 13]).

The lift coefficient CL and the thrust coefficient
CT were obtained by normalizing the lift L and thrust
T by 0.5ρf |V |2S [45]. The mean lift did not show sig-
nificant variation with altitude. This by construction
was due to the consideration of trajectories with a
narrow range of climb angles. However, the mean lift
coefficient CL increased with altitude (figure 5(c) and
table 2) from 1.7 to 9.4 (z = 3.30, p = 0.001, 95%
CI = [0.001 07, 0.004 18]). Conversely, CT decreased
slightly, but not statistically significantly, from
CT = 0.4 to CT = 0.3 (z = −0.05, p = 0.957, 95%
CI = [−0.000 58, 0.000 55]).

3.3. Higher lift coefficients in thinner air
Our free flight measurements show that the mean lift
coefficient produced by the monarch butterflies at sea
level is 1.7 (figure 5(c)). This lift coefficient magni-
tude is within the range of what has been observed
for other butterflies. For neotropical butterflies in free
flight [35], lift coefficients, calculated based on the
forward velocity and an air density of 1.23 kg m−3,
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Figure 6. (a) Schematic illustrating the definition of effective angle of attack. The flapping motion of the wing tilts the body
effective velocity by αeff . The blue line represents the wing chord and blue dot indicates the position of the leading edge of the
right forewing at r2 = Rr̂2 at the beginning of the downstroke. (b) Mean and 95% confidence intervals for the effective angle of
attack αeff at each altitude h.

varied between 0.05 and 2.9. Other insects in for-
ward flight, such as fruit flies, generate lift coefficients
around 4 [48], bumblebees around 1.3 [49, 50], hawk-
moths around 1.7 [51], and dragonflies around 1 [52].
Passenger aircraft typically produce lift coefficients
between 1 and 3 [53].

As the air density decreases with the altitude, the
observed mean lift coefficient in monarchs increased
to 9.4 with a maximum of 12.3 at the overwinter-
ing altitude of 3000 m (figure 5(c)). The statistically
significant increase in the lift coefficient implies an
aerodynamic performance enhancement, suggesting
the existence of the beneficial effects of reduced atmo-
spheric density during high-altitude migration. In
general, one way to maintain the same level of lift in a
lower density environment is to augment the dynamic
pressure by flying faster. For example, the kinematics
measured for hovering bumblebees in a rarefied envi-
ronment between 3250 m and 8120 m [54] showed
that the bees’ flapping amplitude increased with the
altitude without changing the flapping frequency,
increasing the dynamic pressure [54]. However, the
changes in the flapping amplitude and frequency of
the monarchs with the altitude (figures 4(c) and (d))
were statically insignificant. Furthermore, the flight
speed reduced, resulting in a lower dynamic pressure.
The second method is the enhancement of lift coeffi-
cient. This increase in the lift coefficient correlated to
the increase of the Strouhal number (figure 5(b)).

The effect of the Strouhal number on the lift coef-
ficient can be explained by considering the effective
angle of attack. We calculated the wing effective angle
of attack αeff as the angle between instantaneous flap-
ping velocity of the wing and the thorax velocity V for
each flapping cycle (figure 6(a)) as

αeff = arctan

(
ȧ

|V |

)

= arctan

(
−2πf r2γa sin(2πft) cos(γFH)

|V |

)
, (1)

where ȧ = da/dt is the projection of the flapping
velocity at the radius of the second moment of wing

area r2 = Rr̂2 (figure 6(a)). When |ȧ| � |V| we can
show that St = ᾱeff /2 (online supplementary mate-
rial). For the monarchs ȧ/|V| = O(1). Nevertheless,
the trends of St (figure 5(b)) and αeff (figure 6(b))
are similar. Due to the decreasing flight speed rela-
tive to the wing velocity, the mean effective angle of
attack (figure 6(b)) increased from αeff = 35 deg at
h = 193 m to αeff = 43 deg at h = 3000 m (z = 2.89,
p = 0.004, 95% CI = [0.000 90, 0.004 72]). The coef-
ficient of determination of the correlation between
the cycle-averaged lift coefficient and cycle-averaged
effective angle of attack was 0.936 (figure 7(a)).

A linear regression for 〈CL〉 as a function of
〈αeff 〉 suggests that 〈CL〉 = 49.8〈αeff〉 − 28.8. The
resulting lift curve slope d〈CL〉/d〈αeff〉 = 49.8 rad−1

is significantly higher compared to the thin air-
foil theory predicted slope of 2π rad−1 [55]. With
〈L〉 = 0.5ρf |V |2S〈CL〉, above linear regression and
αeff = arctan(ȧ/|V |), we can express 〈L〉 as a func-
tion of |V | as 〈L〉 = 0.5ρf|V |2S(49.8 arctan(ȧ/|V|) −
28.8). There are two trends indicated by the max-
imum lift flight speed VL max and the zero lift
flight speed VL=0 (figure 7(b)). When |V | < VL max,
lift increases when the monarch flies faster. When
VL max < |V | < VL=0, lift reduces as |V | increases.
The flapping wing motion did not change signif-
icantly with the altitude. The mean wing speed
remained near ȧ = 1 m s−1, such that VL max =

0.92 m s−1 and VL=0 = 1.53 m s−1. As the air density
decreased, the flight speed decreased from 1.3 m s−1 at
193 m to 1.2 m s−1 at 1800 m and, finally, 0.8 m s−1 at
3000 m. This analysis shows that the lift at a given den-
sity and wing area indeed increases by flying slower for
the observed dynamics. The increase in lift through
the effective angle of attack and lift coefficient by
lowering |V | outweighs the reduction through |V|2.

The effective angle of attack can also be increased
by flapping faster (equation (1)). However, the power
consumption scales with P ∼ Lȧ [56, 57]. Maintain-
ing the same level of lift in thinner air by flapping
faster (increasing ȧ) is less power efficient than flying
slower (decreasing |V |). Long-range migration is an
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Figure 7. (a) The cycle-averaged lift coefficient 〈CL〉 strongly correlates to the cycle-averaged effective angle of attack 〈αeff 〉.
(b) Relation between the normalized lift 〈L〉/(ρf S) and flight speed |V | obtained based on linear regression of 〈CL〉 as a function
of 〈αeff 〉. Red dots indicate normalized mean lift, calculated with experimentally observed flight speeds at the three altitudes
(table 2).

energetically expensive endeavor. Minimizing power
during migration is critical in achieving a higher aero-
dynamic performance.

4. Concluding remarks

The outcomes of this study support the hypothesis
that the monarchs are able to produce sufficiently
high lift forces to fly in lower density environments.
That said, the exact physical mechanism behind
the remarkably high lift coefficient produced by the
monarchs in thinner air and its impact on the power
consumption are currently unknown. One missing
variable is the pitching motion of the relatively large,
slowly flapping flexible monarch wings. The air den-
sity affects the structural dynamic response of the
wing deflection, which, in turn, influences the aero-
dynamic force generation. However modeling the
anisotropic monarch wings with complicated vein
structure is challenging. Moreover, many butterfly
species cannot actively modulate the pitch angle of the
wing due to structural constraints [8]. In addition, it
is difficult to decipher how much of the pitch motion
is active or passive.

Nevertheless, the observations of freely flying
monarchs in thinner air and findings from this
study contribute to the understanding of the influ-
ence of flight attitude in the long-range migration of
monarch butterflies from the viewpoint of aerody-
namics. Compared to the wealth of research on the
aerodynamics of smaller insects (e.g. flies, bees, or
dragonflies), or larger flying animals (e.g. birds and
bats), the flight of butterflies remains inadequately
understood due to their many unique characteris-
tics including the fluid–structure interaction of the
wings and wing-body dynamics associated with the
body undulation. Further understanding the under-
lying physical mechanisms behind the long-range
insect migration can provide a basis to the creation of

bioinspired micro-air vehicles with enhanced flight
efficiency and superior flight range.
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