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Agile and efficient modern flyers like birds and insects rely on complex aerodynamics
to increase performance such as leading edge vortices, tip vortices, rapid pitch rotations
as well as wing—wake and wing—wing interactions. However, their evolutionary origins
are poorly understood. Early birds and their closest relatives like Microraptor had a
multiwinged configuration featuring long pennaceous feathers on their arms, legs, and
tail, a configuration not seen today. The skill of these early flyers has been debated,
centering around what was driving the evolution of this multiwing configuration and its
loss in favor of the modern two-winged configuration. In this context, the aerodynamics
and wing-wing interactions of Microraptor during gliding flight are investigated. The
gliding flight mechanics of Microraptor exhibit flow patterns consistent with those
observed and quantitatively assessed in volant living animal species. We analyze lead-
ing edge vortices on the forewing and hindwing including beneficial wake interactions
between them as well as tip vortices on the distinct distally flared hindwing. The latter
is unique in Microraptor as the hindwing’s characteristic outer span flare provides the
necessary surface for the tip vortex to be bound to and thus contribute additional lift.
These findings suggest that Microraptor evolved toward utilizing leading edge and tip
vortices and their aerodynamic interactions. This implies that such utilization was also
being exploited by other early multiwinged theropods to differing extents as part of a
crucial milestone in early flight evolution.

flight evolution | Microraptor flight | theropod flight | aerodynamics

The flight characteristics of modern birds, bats, and insects are defined by wing morphol-
ogy, wing kinematics, and aerodynamic flow conditions (1-7). Birds and bats use asym-
metric wing strokes and muscle-controlled morphing to generate unsteady flow patterns
enabling efficient flight (4, 5, 8, 9). The smallest flying birds such as hummingbirds as
well as insects showcase the most complex unsteady flows including added mass effects,
wing bound vortexes, wake capture, and rotational effects as well as the clap-and-fling of
the wings in certain insects (4, 5, 9). Finally, wing—wing interactions, as seen in modern
dragonflies (5, 10-14), add a whole new level of complexity to flight.

Of all the vertebrate lineages with powered flight, pennaraptoran theropods comprising
birds and their close relatives have the best fossil record of early flight evolution.
Nonetheless, key questions remain regarding the origins, early evolution, and diversifica-
tion of pennaraptoran flight. Among the most intriguing and debated features in the early
theropod flight record is the emergence and eventual disappearance of five-winged body
plans featuring wing surfaces on the forelimbs, hindlimbs, and tail (15). Among the best
examples of this morphology is the small, early paravian pennaraptoran Microraptor of
the Cretaceous Period.

Microrapror had long pennaceous feathers on its arms, legs, and tail (16-18), similar
to several other early Mesozoic paravians, but unlike living birds (15). The hindwing
functions of Microraptor remains contentious: Some investigations have modeled vertical
hindwing configurations (17, 19) and recovered evidence for control enhancement during
gliding flight (20, 21). Other models use conservatively spread hindwings in gliding flight,
resulting in slower flight speeds and differing flight distances (19-26). Estimated flight
speeds up to 15 m/s (22, 23, 26) and gliding distances up to 50 to 100 m from a height
of 30 m (20, 21, 23) have also been presented as well as lift to drag ratios of 2.5-4
(22, 26) and flight paths with often high local angle of attack (AOA) on the wings for
extended times (20, 21, 23). Many early birds including Archacopteryx, Anchiornis, and
Sapeornis had large forewings and smaller hindwings (15) and are usually hypothesized as
powered flyers (27, 28), although soaring abilities have been suggested for Sapeornis (29, 30)
and Anchiornis has been proposed as a “borderline” powered flyer (27, 31). Although
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recent work suggests that Microraptor was capable of powered
flight (27, 32-34), the duration and specific performance of this
powered flight is still unclear. The foundational work to under-
stand its powered flight dynamics necessitates in depth study of
the simpler case where both the forewings and hindwings are in
a fixed position. Previous work has not presented detailed flow
structure analyses or evaluated the role and mechanisms of possible
wing—wing interactions in the flight of any early pennaraptoran
flyer, including Microraptor. Thus, given that a fixed wing scenario
is a helpful starting point and that powered flyers use gliding
phases, here we model a fixed-wing wake interaction scenario
during glides in the low, moderate, and high AOA flight regimes.

Inherent wing—wing and wake interactions are known in insects
and migratory birds (35-38). These are particularly well docu-
mented in dragonflies which can individually control each of their
wings (39), permitting versatile utilization of downwash effects
and vortex interactions (5, 35, 40-42). When the forewing inter-
acts with the incoming flow, which is faced by the hindwing, a
downwash effect typically results. On the other hand, the forewing
also sheds vortices in its wake that results in interwing flow pat-
terns which vary according to flapping specifics as well as spanwise
location along the wings. Depending on wing phasing and flight
speed, these interactions can be beneficial or detrimental to flight
efficiency. During forewing-led wing phasing, downwash attenu-
ates hindwing leading edge vortex (LEV) circulation (43). During
hindwing-led wing phasing, hovering with all four wings con-
sumes ~22% less power than with just two wings (44). Their
forewing can also shed a trailing edge vortex (TEV) promoting
formation of the hindwing LEV (43, 45), due to partial vortex
fusion (46). The forewing TEV and hindwing LEV interact syn-
ergistically if they form in close proximity (47, 48). These wing—
wing interaction insights from modern dragonflies and other living
animals provide a framework to investigate the utilization of
wing—wing interaction in ancient fliers, especially those with
broadly similar sizes living under comparable environmental
conditions.

Here, first-principle Navier—Stokes equation—based numerical
investigations (49) of the aerodynamics and forewing—hindwing
interactions of Microraptor are used to characterize wake elements
and their benefits to flight to expand our understanding of early
theropod flight evolution. To do so, this study makes use of the
latest anatomical insights integrated from over 100 fossilized spec-
imens of Microraptor, including wing profile and body outline
information only observed under laser-stimulated fluorescence

(LSF) (34, 50-52).

Results

Gliding Flight Scenarios. In this study, we investigate the
aerodynamic features of the gliding flight of Microraptor in the
low, moderate, and high AOA flight regimes. The AOA is the angle
between the body axis of Microraptor and the direction of the
incoming flow, and it is fixed at 2° and 10° lower than the AOA
of the forewing and the hindwing, respectively, according to the
preset pitch of the wings in the modeled flight gait. In our setup,
we vary the AOA from 0° to 30° in 3° increments in addition to
45° and 60°, mimicking a series of wind-tunnel experiments. The
calculated glide angles (see Supporting Information, SI) of the
resulting aerodynamic forces indicate a steeper flight path than
this preset AOA, which can be attributed to the simplifications in
our model (details given in the Methodology and S7 Appendix). We
use the Q-Ciriterion to help highlight coherent vortical structures
within the flow field where the vorticity magnitude is greater than
the magnitude of the rate of strain:
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Q = -1/2(0.58*-0.50?) [1]
where S is the shear strain rate, and ® is the vorticity.

Evident from the streamlines and the isosurfaces of the Q-criterion
(1) in Figs. 1 and 2, that in the low AOA flight regime (0° to 12°
in Fig. 1) the flow around the wings remains attached, and the wings
operate in some respects as a modern slotted wing would: The lead-
ing airfoil creates a downwash that channels the flow above the
trailing airfoil limiting flow separation on it (Fig. 2 A—F). For both
wings, the LEV is first insignificant (and limited by the downwash
effect in the hindwing) and then it gradually becomes more prom-
inent as the AOA increases. On the outer span of the hindwing,
where the gap separating the wings is larger, the downwash is weaker.
This and the preset pitch angle of the hindwing result in a local
AOA that allows the formation of a tip vortex (Fig. 2 A and C). This
tip vortex extends downstream along and above the distinct distally
flared outer span of the hindwing (due to the hindwing’s shape with
the outer portion substantially tilted downstream, it is somewhere
between a straight and delta wing, and hence, the resulting vortex
flows). This vortex is bound to the extended lifting surface provided
by the outer span flare of the hindwing, thus, it contributes to lift
generation substantially more than if the wing tip was narrower
(4, 53-55). In a sense, the tip vortex of the hindwing of Microraptor
can be thought of as an elongated LEV with a downstream orien-
tation utilized with the help of the specialized shape of the hind-
wing. No such tip vortex is formed on the forewing.

Fig. 1 shows the total (forewing and hindwing) force coeflicient

of lift (2) and drag (3) (see ST Appendix for additional details).
C,=L/qA [2]

Cp=D/qA E)

where L and D are the lift and dra% forces, A is the area of the
forewing (0.02191 m?), and q = (pU*/2) is the dynamic pressure,
with p the air density (1.225 kg/m’) and U the airspeed (10 m/s
in Fig. 1). Please note that the forewing planform area is used as
the reference area for all of the force coefficient calculations. Lift
is perpendicular to the direction of flight and drag is parallel with
it. In gliding, lift provides the vast majority of weight support,
while drag primarily opposes the forward motion, and thus a
higher lift to drag ratio results in a longer glide distance for a given
sink distance. In the low AOA regime, the force coeflicients
increase quasi-linearly and the slope of the lift is steeper than that
of the drag. The levels of lift to drag ratio are comparable to values
reported in other works (22, 26).

In the moderate AOA flight regime (12° to 30° in Fig. 1), bound
leading edge vortices are observed on the forewing and hindwing
(SI Appendix, Fig. S1). A wing bound vortex on the upper surface of
the wing contributes to force generation in two ways. The vortex
maintains a low-pressure core that lifts the wing (4, 53—56). Second,
the vortex induced flow helps flow reattachment (delaying stall) and
momentum transfer to the surrounding air (4, 53-56). The role of
these vortices in Microraptor's wing—wing interactions is strong,
resulting in a substantial and sustained lift boost. Furthermore,
within the moderate AOA regime, the lift reaches a plateau and the
total lift peaks close to 30° (where C; is 1.83), while the drag keeps
increasing gradually and the lift to drag ratio decreases accordingly.

In the high AOA flight regime (above 30° in Fig. 1), first the
forewing and then both sets of wings experience vortex detach-
ment that results in flow separation. This leads to the loss of lift
while drag increases, as seen in Fig. 1. Critically stalled flow makes
flight unsustainable for more than a very brief interval. Such flow
conditions are minimized in living birds by spanwise variation of

the wings AOA (4), but it is unclear whether early flyers like
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Fig. 1. Flow characteristics in different flight regimes of Microraptor. Models with 10 m/s flight speed in the low, moderate, and high AOA flight regimes
(interpreted as a steep glide, glide of moderate descent and a hypothetical landing approach). Flow patterns in representative cases (forewing in anhedral
position) of 3°, 18°, and 30° AOA (indicated by purple arrows) visualized by streamlines colored according to velocity magnitude. Total force coefficients of the
wings with and without interaction, and total lift and drag modulation expressed as a percentage of the 0.68 kg estimated mass of Microraptor (the same plots
of neutral and dihedral forewing setup are marked with black dashed lines). These flight conditions were simulated in sequence, but this does not necessarily

represent a true flight path.

Microrapror could do something similar. Nevertheless, these flow
conditions are present when modern birds land and during brief
and extreme flight maneuvers (4). Overall, we can interpret the
corresponding flight scenarios in the low, moderate, and high AOA
regimes as a steep glide (or aerial dive), moderate descent, and as
a hypothetical landing approach, respectively.

Fig. 2 shows the hindwing (Fig. 2 4 and C) and forewing (Fig. 2
E and G) flow patterns in detail in flight with both fore- and
hindwings modeled as well as in the hypothetical case of the hind-
wing (Fig. 2 Band D) and forewing (Fig. 2 Fand H) modeled in
isolation for a representative low AOA regime flight (3° AOA).
‘The streamlines and isosurfaces confirm that the flow is attached
to the forewing and slightly deflected downstream, causing down-
wash effects on the hindwing (Fig. 2 A-D). The nearly identical
isosurfaces and streamlines in both cases indicate that the presence
of the hindwing only marginally affects the flow dynamics of the
forewing (Fig. 2 E~H), and the same can be said for the moderate
and high AOA regimes (8] Appendix). In SI Appendizx, all the flow

PNAS 2026 Vol.123 No.6 2518106123

features discussed above are shown in a representative case of a
moderate and a high AOA regime flight, respectively, in the same
format as in Fig. 2.

Additionally, in Fig. 1, the force coefficients with the forewing
in a neutral 0° and +10° dihedral position are also plotted in
comparison to the -10° anhedral forewing setup. In a neutral posi-
tion, lift increased with a slight increase of drag in the 3° to 30°
range, but both decrease for larger angles of attack. In the dihedral
position of the forewing, both lift and drag decrease for all the
investigated flight regimes, with lift being slightly more affected,
showing that the dihedral forewing position in a tandem gliding
setup may be more for flight stability reasons [as seen with gliding
birds and in aircraft design (4, 57)] then to maximize aerodynamic
efficiency.

Force Modulation Due to Forewing-Hindwing Flow Interaction
and the Effect of Flight Speed. Fig. 1 shows the coeflicients of
total lift and total drag in interaction and with the wings in

https://doi.org/10.1073/pnas.2518106123 3 of 9
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Fig. 2. (A-H) Flow characteristics in the low AOA flight regime of Microraptor (3° AOA, 10 m/s glide speed). Streamlines (A, B, E, and F) and isosurfaces of the
Q-criterion of 9000 1/s? (C, D, G, and H) of the hindwing and the forewing (in anhedral position) in flight with two wings (4, C, £, and G) and in the hypothetical
case of each wing in isolation (B, D, F, and H). Streamlines and isosurfaces are colored according to flow speed.

isolation for 10 m/s flight speed. From this, the total lift and
drag modulation can be calculated by subtracting the total lift or
drag of the wings operating in isolation from the total lift or drag
of the wings with interactions involved to quantitatively present
the forewing-hindwing interaction. The latter is also shown
in Fig. 1 as a percentage of the estimated mass of Microraptor
(22, 23) used in this study (0.68 kg). Within the probably flight
speed (23) range modeled for Microraptor (5 to 15 m/s), the lift
to drag modulation ratio remains nearly constant, and so does
the presented flow characteristics (SI Appendix). In this section,
we present the results regarding a glide speed of 10 m/s and the
forewing in an anhedral setup (values for 5 and 15 m/s are given
in ST Appendix). Although the drag is increased by the interaction,
the lift boost is more substantial for flight before stall develops. The
total lift increases over 4% of weight in the 9° to 21° AOA range,
reaching a maximum of 4.6% at 12° (Fig. 1). The drag decreases
below 6° and increases smoothly above 6°, but remains less than
the lift modulation below 30°. The maximum drag increase occurs
at ~45°, where it is still only 3.1% of the estimated weight.

40f9 https://doi.org/10.1073/pnas.2518106123

With the forewing in neutral and dihedral positions, the inter-
action effect weakens as the physical distance between the wings
increases (Fig. 1). The drag modulation gradually lessens toward
larger angles of attack. The lift modulation on the other hand
decreases similarly for both the neutral and dihedral setups above
21°, while the neutral setup outperforms both the anhedral and
dihedral setups below 9°, although this is marginal in comparison
to the anhedral setup. For above 9° and in the moderate AOA
regime, the lift modulation decreases proportional to how the
forewing becomes more removed from the hindwing in the neutral
and anhedral setup, pointing to the importance of the interaction

effect in lift.

Flight Stability. During gliding, an animal experiences two
primary forces: the total aerodynamic force acting at the center
of pressure and its weight acting at the center of gravity. The
surface pressure zones (S Appendix) are a manifestation of the local
aerodynamic forces which the animal can control via active wing
morphology. Integrating the surface pressure gives the center of
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Fig. 3. Pitching moment coefficient in 10 m/s gliding flight with different
wing configurations. The center of pressure and estimated center of gravity
(CG) in a given low AOA regime glide (3°), moderate AOA regime glide (18°)
and high AOA hypothetical landing approach (30°) are shown graphically as
well.

pressure (Fig. 3). Depending on the distance between the center
of pressure and center of gravity, the total acrodynamic force
introduces a moment (M) to the center of gravity. The smaller
the absolute value of this moment, the closer the glide is to an
equilibrium state. Based on anatomical descriptions (16, 17), the
center of gravity in Microraptor was previously estimated to be
near the centerline of the body and ~0.9 forewing mean chord
length behind the leading edge of the forewing (20). Thus, in a
similar fashion, we define the center of gravity (Fig. 3) to be in the
centerline of the body 71 mm behind the leading edge at the wing
root that is 197 mm from the tip of the head (the mean chord of
the forewing of our model is 78 mm).

Passive stability requires static stability (M/da < 0 over a range
of a, where a is the AOA) and, secondarily, dynamic stability,
though the latter can often be mitigated through moderate active
control of the lifting surfaces. In natural flight, the response rate
of active control in pitch is more demanding in comparison with
yaw, in which case wing shapes alone grant suflicient static stability
(58). Accordingly, to assess flight stability in the studied glide
scenarios, we calculated the moment coefficient of pitch for 10

m/s glide speed (Fig. 3):
Cp =M, /qAL [4]

where M, is the pitching moment, and L is the body length of
Microrapror (0.7 m). A positive moment results in nose up pitch-
ing, and if dC,;/da is negative, zero, or positive, the flight is stable,
neutrally stable or unstable. Accordingly, in Fig. 3, we plot Cy as
a function of the AOA, in which case the local slope is indicative
of flight stability. Our model does not include the tail feathers as
the fifth aerodynamic surface of the Microraptor flight planform,
but assuming that the tail plays an important role in stabilizing
pitch during gliding flight (59), we can hypothesize its elevated
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or depressed position during the investigated flight scenarios. In
Fig. 3, we show the center of pressures and moment coefficients
for the three distinct glide scenarios. In Fig. 3, we also added the
hypothetical case of including only the forewings, this case can be
considered analogous to Microrapror flying with its legs down
using them for additional yaw and roll authority (20, 21). For all
of the cases plotted, positive pitching moments indicate that some
combination of forewing rear sweep and/or upward force (positive
lift) from the tail would be correcting, while negative pitching
moments would be corrected by some combination of forewing
forward sweep and/or downward force (negative lift) producing
tail positions. For forewing only configurations, there are some
cases where a small amount of rear sweep is implied. For all other
cases, variable amounts of forward sweep are implied.

Discussion

Our results show that for a range of realistic speeds, a conservative
range of wing posture estimates, and a wide range of flow condi-
tions, Microraptor could utilize distinct acrodynamic effects as well
as forewing-hindwing interactions and their resulting acrody-
namic force modulations.

The hindlimb as a second wing is an intriguing feature of
Microrapror. However, its reduced ability to pitch due to lower
hip mobility (25) would induce drag that would reduce speed gain
during low AOA steep glides. This drawback is largely negated in
the wake of the forewing downwash, as seen by the streamlined
flow around the hindwing in Fig. 24. Arguably, the hindwing in
the spread leg, forewing—hindwing arrangement is a net positive
feature even in low AOA glides, despite the physiological limita-
tions of the hip joint. We must note that the spreaded leg flight
configuration is just one possibility for Microraptor. Previous stud-
ies evaluated flight with a hindwing down posture in which the
legs may function as a kind of rudder for flight control (20, 21).
With the added possibility of flapping the forewings and position-
ing the hindwings anywhere from a spreaded leg configuration to
a completely legs down posture, Microraptor could adapt well to
possible flight scenarios, and it is an aspect that should be fur-
ther studied.

Gliding in the moderate AOA flight regime is characterized
by a LEV and tip vortex flow patterns. Both vortices are bound
to the surface of their respective wings, thus, contributing to
aerodynamic force generation not only by preserving a
low-pressure region and delaying stall but also by partaking in
mutually beneficial acrodynamic interaction between the wings.
Substantial force gain by the aerodynamic interaction is present
and almost invariant in the full range of flight speeds and direc-
tions in this flight regime (Fig. 1). For the 10 m/s flight speed
case with anhedral forewing positioning, the maximum lift coef-
ficient amplification was found at 12° AOA to be 0.23 account-
ing for about 4.6% of the estimated bodyweight of Microraptor
(for reference, the drag coefficient only increased at 12° by 0.06
that is about 1.2% of the estimated bodyweight). This confirms
that the wing bound vortices characterizing this phase are helping
to maintain high lift (4, 53-55). These beneficial flow features
of the forewing-hindwing configuration of Microraptor are pres-
ent in a wide range of flight directions; essentially in the complete
moderate (and partly in the low and the high) AOA flight regime.
Interactions are also present for neutral and dihedral forewing
positioning, although to a lesser extent, showing that the
kinematic-morphologic adaptations for the utilization of these
aerodynamic effects is generally advantageous for multiwinged
early paravian flyers. Wake interaction effects that enhance lift
production implicitly improve weight support and/or thrust
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generation for the same mechanical power input. Since the rel-
atively smaller flight muscle fraction of early theropod flyers like
Microrapror probably made them power-limited in flight, the
wake interaction effects identified here would necessarily have
enhanced powered flight too by reducing power requirements.
Fig. 3 presents how the center of pressure and the resulting pitch-
ing moments vary with different wing configurations in the inves-
tigated flight cases of Microraptor. The hypothetical forewing only
case is more stable in the investigated angles of attack range, agree-
ing with previous findings (21) (drag of the hindwings in a perfectly
aligned legs down configuration would cause some negative pitch
that is not considered in this hypothetical setup). In the low and
partly in the moderate AOA regime (between 0° and 18°) the pitch-
ing moment is positive. Beyond 18° it becomes progressively more
negative, indicating that the flyer stays statically stable and experi-
ences restoring moments making it more difficult to maneuver.
The hindwings in the spread leg posture move the center of
pressure backward, resulting in an increased negative pitch
moment that would presumably be corrected by a combination
of forward sweep of the forewings and/or elevation of the tail.
An elevated position of the feathered tail by Microraptor scems
to help achieve stability in pitch when the hindwings are spread.
Finally, the configurations with anhedral and neutral positioning
of the forewing result in nearly the same pitching moments, while
the moments are substantially reduced in the dihedral forewing
position. This shows that the forewing in a dihedral position
improves stability, although wing sweep and deployment of the
tail would still be necessary to increase flight stability and provide
efficient flight control, especially when AOA becomes larger.
Most interestingly, in the given spread leg position, the leading
edge of the outer half span of the hindwing gradually feeds a
well-defined tip vortex that follows the extended wing area provided
by the especially long primaries of the feet. This vortex generates
aerodynamic force even at lower angles of attack. The specific pos-
terodistal expansion of the hindwing planform which coincides
with the path of this tip vortex suggests a marked evolutionary
specialization of Microraptor to its utilization. In comparison, other
multiwinged early paravians, including the early birds Archaeopteryx
and Anchiornis (15), lack this expansion preventing them from
utilizing the tip vortex as effectively. Furthermore, from Microraptor
(51) and from Anchiornis (60) and Archaeopteryx (61, 62) toward
later fossil birds such as Sapeornis (30), there is a general pattern of
distal to proximal reduction in hindwing feathers (15, 51), high-
lighting functional changes of the hindlimbs as these species
became more capable powered flyers. However, in the following
hypothetical we consider the possible gliding and soaring flight of
these other species to give more context for the flight of early mul-
tiwinged flyers. Anchiornis and Sapeornis possess remarkably similar
hindlimb feathering having longer pennaceous feathers at the tibial
and metatarsal sections of their legs forming a small aileron-like
winglet on their leg (15). The relatively narrower leg winglet and
the more slender wings of Sapeornis (30) may be suggestive of
soaring adaptations. Soaring specialization tends to optimize energy
extraction efficiency, leading to drag reducing planforms. Reducing
drag (by reducing the profile and streamlining the hindlimbs)
might then have been more important than steep turns or addi-
tional lift generated by the hindwing. This partially explains why
the hindlimb feathers of Sapeornis are shorter and function more
as a streamlining apparatus than a flight control surface. This differs
from Anchiornis (and Archaeopteryx) which had a comparatively
more expanded hindlimb wing area that could potentially be used
as a yaw and roll generator in flight to provide more control for
maneuvering and obstacle avoidance. The relatively smaller hind-
wings of Anchiornis, Archaeopteryx, and Sapeornis compared to

https://doi.org/10.1073/pnas.2518106123

Microraptor could still be an effective lifting surface if needed. In
doing so, we can hypothesize the inherent leading edge and tip
vortexes to be present, but with comparatively more limited inter-
action between the wings, primarily via downwash. The tibial
winglet of Anchiornis and Sapeornis in particular may have pro-
duced a horseshoe-like vortex structure forming an inner and an
outer tip vortex pair. We have not considered the role of tail here,
but we do also note that Microraptor possesses a particularly long,
stiffened tail and that the tail fans of microraptorans have been
previously assessed (quantitatively) as having performance-enhancing
control properties, especially in pitch (59). The anatomies of more
modern animals, like Sapeornis, represent reductions in the pitching
moment arm and/or lifting area of the tail, in addition to their
aforementioned reduction of hind limb feather surfaces. Taken with
our hindwing modeling results, this produces an overall theme of
greater reliance on nonforewing control and/or weight support in
more stemward taxa, with reduced reliance on such surfaces (with
concomitant reliance on more sophisticated and robust forewings)
in more crownward taxa. Thus, our study significantly expands the
scope of flight experimentation undertaken by early theropod
flyers (63).

Conclusion

Here, we show qualitatively and quantitatively that Microraptor
could have utilized acrodynamic features similar to what is seen
in modern birds, for a range of conditions that are realistic given
current knowledge. This pushes back the presence of these sophis-
ticated flight dynamics to the Early Cretaceous. In addition, we
demonstrate the potential for beneficial interactions between the
forewing and hindwing. Wing—wing interactions are commonly
seen in other multiwinged flyers and there is a substantial and
growing literature on the topic (5, 10, 11, 13, 14, 64). The current
study adds more insight into the rich physics related to the aero-
dynamics of wing-wing interactions. In the context of the similar
body plans of the other multiwinged early paravians of the Late
Jurassic and Early Cretaceous, our results suggest that greater uti-
lization of unsteady aerodynamic features was potentially a crucial
milestone of early flight development.

Some of the features returned in our simulation (such as sus-
tained leading edge vortices) are known in modern birds (4, 65,
67, 68). However, the specialization of the hindwing to accom-
modate the downstream extended tip vortex for a wide range of
angles of attack is to our knowledge unique among flying animals,
including four-winged insects. This unexpectedly robust feature
with the help of wing—wing interactions may have permitted
Microraptor to experiment more broadly with flight using different
wing configurations, especially for the forewing, that could have
helped this species transition to powered flight, whose potential
was previously proposed (27). We therefore propose Microraptor
as a model species to demonstrate the utilization of further com-
plex aerodynamic effects in the evolution of modern flapping
flight. In summary, this study breaks ground in understanding the
origins of the utilization of wing bound vortexes and interwing
aerodynamic effects elucidating what was behind the development
and eventual extinction of multiwinged flight configurations in
early birds and their close relatives as well as what enabled powered
flight to develop as we know it today.

Materials and Methods

3D Model. Landmarks of the humerus, ulna, metacarpal, femur, tibia, and
metatarsus as well as the shoulder joint-body centerline distance, hip joint-
body centerline distance and the shoulder-hip distance were recorded from
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well-preserved specimens of Microraptor (IVPP V13320 and V13352; STM 5-5,
5-93,5-142,5-150,5-172, and 5-221) to create a complete skeletal frame that
was sized to the average humeral length of the specimens studied (see SI). Body
and feathering contours as preserved in the fossilized remains under white light
and LSF were scaled and then fixed as solid bodies to this skeletal frame. These
contours move together with the parts of the skeletal frame as the angles at
the joints are set. The resulting outline is the final planform of the wing that is
used to construct the wing surface. The aerodynamic surface of the wing feather-
ing was simplified in the numerical model as a 1 mm thick rigid flat plate with
rounded edges. Natural feathers are flexible, and it has been shown that the
flexibility of the wings improves flight performance to some extent [delaying stall,
improving aerodynamic stability, and force generation (4, 5, 8, 9)]1. Considering
this, our modeling provides a lower-bound approach to the flight capabilities of
Microraptor, while the discussed findings regarding the characteristic aerody-
namic patterns and importance of wing-wing interactions can be safely assumed
to be valid regardless of flexibility.

Forewing feathering was reconstructed with the primary feathers (STM 5-9
and BMNHC PH881), secondary feathers (IVPP V13352), greater coverts (STM
5-93 and 5-221), median coverts (STM 5-5 and 5-109), and marginal coverts
(STM 5-109) following the most recent reconstruction (52). Feather count within
each feather series was inferred using comparisons with modern bird feath-
ering patterns (52). Our forewing reconstruction of Microraptor shows a more
extended wing (larger humerus-forearm and forearm-manus angles) like the
reconstruction of Chatterjee and Templin (23). Our reconstruction maintains
the long and extended wing tip of previous reconstructions created by the
long primary remiges (17, 20, 23), but unlike previous work (17, 20, 23), our
reconstructed wing tip has a slenderer V-shape. Unlike previous work (17, 20,
23), the length transition between primary and secondary feathers is sharper,
creating a deep and narrow notch between them. The secondary feathers also
gradually decrease in size proximally along the forearm, creating a relatively
straight trailing edge, that is at the same level as the trailing edge of the pri-
mary feathers (52).

Hindwing feathering was reconstructed with metatarsal remiges (STM 5-75
and 6-86; BMNHC PH881), long metatarsal coverts (STM 5-5 and 5-75), anterior
coverts (STM 6-62 and 6-86), short coverts (STM 5-5, 5-75 and 6-86), long tibial
feathers (STM 6-86), and long femoral feathers (STM 6-86) following the most
recent reconstruction (51). The number of feathers within a given feather series
was directly counted or inferred by estimating the number of missing feathers
using the width and length of the preserved feathers in the series. Our revised
hindwing reconstruction follows the one of Chotard et al. (51) and has a more
distally shifted subtriangular trailing edge shape with its apex at the approximate
level of the ankle joint. The proximal edge of this subtriangular shape is formed
by the tips of the primary remiges closest to the apex; the edge is then indented
and formed by the tips of the tibial feathers furthest from the apex. The distal
edge is formed by the tips of the primary remiges only.

Soft tissue of the forewings and hindwings were modeled by a loft surface
defined by symmetric NACA blade profiles (and a combined blade profile at the
elbow to account for the propatagium) fixed to the skeletal frame. The chord
of these NACA profiles were defined using the soft tissue preserved in fossil
specimens STM 5-93 and 5-221 for the forewing as in ref. 52 and specimens
STM 5-5 and 6-86 for the hindwing as in ref. 51. The chord to thickness ratio
of the NACA profiles were defined according to the ratio of modern birds that
are behavioral short distance flyers (chickens). Specimen STM 5-93 and 5-221
shows a well-preserved propatagium of Microraptor (34) although the forewing
is not extended as it would be during flight. Thus, to estimate the propatagium
thickness in the modeled flight gait with a 145° elbow angle (Fig. 4) we used a
linear extrapolation. Further details are provided in the SI.

Itis known thata thinner, cambered, and flexible wing will yield better aerody-
namic performance (4,5, 8,69, 70). However, there is a lack of data regarding the
Microraptorwings' cross-sectional shapes and structural flexibility. Here, we offer
a conservative assessment choosing a nonflapping, rigid wing with a symmetric
airfoil profile in steady state wing positions with varied AOA, and fixed fore- and
hind-wing arrangements. Such an approach yields a lower-bound evaluation
regarding Microraptor’s airborne capabilities.

The body contours were modeled using the reconstruction made in ref. 34
that is based on IVPP V13352. We simplified the body contours in this study
as an axisymmetric rigid body defined by the ipsilateral dimension along the
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Positional angles
10° dihedral
—— 0°neutral
10° anhedral

700 mm

Fig. 4. Main dimensions of the 3D model of Microraptor in a conservatively
spreaded leg configuration.

body axis as its diameter. Tail feathering and its aerodynamic effects are outside
the scope of this study; thus, no lifting surface modeling of tail feathers were
combined with the body model. The dimensions of the model are shown in
Fig. 4. Early paravian flyers, including Microraptor, had a relatively laterally
orientated shoulder joint that facilitated a range of arm motion (27, 34,71,72),
but wing position during gliding flight remains unclear in the absence of liga-
mentous (and other soft tissue) constraints of shoulder mobility [sensu (25)].
When modern birds glide, larger species tend to hold their wings in dihedral
positions, while smaller species tend to hold them in anhedral positions (57,
7374,75).Thus, to take both of these aspects into consideration, our modeling
covers a conservative range of forewing positions: —10° anhedral, 0° neutral as
wellas 10° dihedral (also includes previously modeled positions: seemingly 0°
inrefs.20,21,23,and 26 and ~2°to 10° in ref. 22). As wing-wing interactions
are expected to be the strongest when the forewings and hindwings are closest
together, the —10° anhedral position of the forewing (Fig. 4) was selected as
the reference case with the 0° neutral and 10° dihedral cases discussed in the
context of it (S/ Appendix, Fig. S1).

The ability of microraptorines to sprawl their hind limbs is contentious. It is
widely agreed that extensive abduction of the hips was not possible for most
theropods, and living theropods (i.e., birds) have limited abduction range of
motion. This is underscored by range of motion mapping of ligamentous con-
straints on modern avian hip mobility that was used to recommend more conserv-
ative hip mobility for extinct ornithodirans compared to previous work, including
for Microraptor (25)The authors provided a range of hip motion “morphospace”
that summarized their results. We have taken our maximum abduction range
from the center of that morphospace. Thus, our 40° anhedral angle spread leg
configuration is therefore both conservative and well-supported by the combi-
nation of hard and soft tissue evidence currently available. The angles defining
the gait are shown in Fig. 4.

Sensitivity to 3D Model Positioning. Considering the reported findings of
this work and the significant computational effort behind it, it is still important
to briefly discuss the sensitivity of the results to moderate changes in 3D model
positioning. Moderate changes of the anhedral angle would not fundamentally
change the conclusions made. A larger angle separating the forewings and hind-
wings would make downwash and interaction effects less prominent to the point
where little or no interaction would prevail in the case of a vertical legs down
configuration. A larger anhedral angle would also orient the total force vector
of the wing (forewings and hindwings likewise) outward, away from the flight
direction reducing lift. The wing flexing angles delineate the size of the lifting
surface of the wings and thus fundamentally define the overall aerodynamic force
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generation; small changes of the assumed angles however would not affect the
reported findings qualitatively. Finally, the pitch angle of the wings affects the
local AOA of the wings. Higher AOA results in an earlier onset of dynamic stall
(followed by static stall). In case the pitch of the forewing or the hindwing is
adjusted individually, the flight angle where the reported flow features appear
would shift accordingly, but within a reasonable range of pitch angle change, the
qualitative features reported in this work would not change.

Flow Fields and Wake Calculation. To solve the flow field in this work, the
viscous shear stress transport (SST k-w) turbulence model with low-Reynolds
corrections was used in the commercial solver Fluent 2023 R1 (49). Reynolds
number describes the relative importance of inertial forces vs. viscous forces in a
fluid flow. Low Reynolds number corresponds to stronger viscous forces (76, 77).
The computational domain used in this study consists of two zones. Afine mesh
zone near the studied model extends 1 body length (BL) in depth (about 1.16
of the forewing tip to tip wingspan in our configuration) from the centerline
of the body, 2 BL to the top and the bottom from the centerline of the body,
2 BL downstream from the tip of the tail, and 0.1 BL upstream from the tip of
the head. Similarly, a coarser mesh outer zone extends 1.7 BLin depth (about
2 of the forewing tip to tip wingspan in our configuration) from the centerline
of the body, 5 BL to the top and bottom from the centerline of the body, 5 BL
downstream from the tip of the tail, and 2 BLupstream from the tip of the head.
The boundary conditions were set as follows. A symmetry boundary condition was
set through the midplane of the body. The inlet, top, bottom, and the side of the
domain were defined as velocity inlets with the x and y components of the velocity
defined according to the flight speed and direction. The outflow was configured
as a pressure outlet. The surface of Microraptor was set to be a slip-free wall. With
the help of the inbuilt meshing software of Ansys Workbench 2023 R1(78), the
mesh was created to have maximum element sizes of 40 mm at the outer edge
of the outer zone, transitioning to maximum element sizes of 10 mm at the edge
of the fine region, that further reduces to a maximum element size of 3 mm at the
faces of the Microraptor model. All elements are in the quadratic order resulting in
more than 15 million nodes and 10.5 million elements within the computational
domain. In the final step, this mesh was converted to a polyhedral mesh foradded
precision. A grid independence study was carried out to show that the quality of
the mesh was sufficient (S/ Appendix). With the above setup, after an automatic
initialization, less than 200 iterations resulted in convergence of the residuals.

Reference Values. We used the following reference values consistently. The
fluid in the domain was air (constant density 1.225 [kg/m’]; constant viscosity
1.7894 x 107° [kg/m*s]). Reference area is the planform area of the forewing
thatis 0.02191 m’. Reference length is the average chord length of the forewing
0.078 m. Reference velocity is the flight speed 5, 10, and 15 m/s, respectively.
Our modern-day-based reference value for air density is appropriate as it roughly
mid-way between the highest(1.35 kg/m’)and lowest (1.17 kg/m”) estimates for
air density using differing methodologies (79, 82, 83) during the Early Cretaceous
when Microraptor lived (~130 to 110 Mya). However, for completeness, we
consider the implications of the highest and lowest estimates of air density on
the Reynolds number range in our modeling. The lowest Reynolds number is
2.56 x 10" for the lowest air density estimate at the lowest flight speed consid-
ered (5 m/s) compared to 2.68 x 10* when modern air density is used instead.
The highest Reynolds number is 8.86 x 10* for the highest air density estimate
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at the highest flight speed considered (15 m/s) compared to 8.04 x 10* when
modern air density is used instead. This difference in Reynolds number range only
equates to a slightly widened speed range of 4.7 m/s to 16.5 m/s using modem
airdensity. As detailed in the discussion (see also in SI), flight speed (or Reynolds
number) has little effect on flow interaction and the presented flow patterns in
the investigated Reynolds number range.

Isolating the Wing-Wing Interaction Effect. Calculation of the force coeffi-
cients was made with and without the effect of wing-wing interaction. The numer-
ical simulation was run for four models of Microraptor: Model 1, body only; Model
2, body and forewing ensemble; Model 3, body and hindwing ensemble; Model
4, body, forewing, and hindwing ensemble. The body and forewing ensemble
model (Model 2) together with the body and hindwing ensemble model (Model
3) were used to calculate the force coefficients without wing-wing interaction
effects. The body, forewing, and hindwing ensemble model (Model 4) was used
to calculate the coefficients with interactions involved. The force coefficients cal-
culated using the body only model (Model 1, without any of the wings) were
subtracted from both the with and without wing-wing interaction cases for the
discussion of the aerodynamics of the wings (we assumed that the body forces
were the same in both cases).

LSF. LSF imaging (84) involved scanning a 405-nm violet laser line over the
specimens in a darkened room. The source was a laser diode projected through
aline lens. Long exposure photographs were taken over 30-s exposures with a
Nikon DSLR camera fitted with a 425-nm laser blocking filter. LSF photographs
were postprocessed across the full frame of the image in Adobe Photoshop CSé
for equalization, saturation, and color balance.

Data, Materials, and Software Availability. All study data are included in the
article and/or S/ Appendix.
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